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Abstract 

Vitamin D is a fat-soluble hormone that is principally obtained from the sun, but 

also from the diet. The biologically active metabolite, 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3), synthesized within the body upon UVB exposure, plays a central 

role in cell growth and differentiation, and has been reported to be essential in 

maintaining a healthy epigenome, with reported effects on histone modification 

and DNA methylation. DNA methylation refers to the addition of a methyl group 

on the 5th carbon of a cytosine ring, generally in the sequence context of a CpG 

dinucleotide. Healthy cells are known to have hypomethylated CpG islands in 

regulatory regions of tumour suppressor genes, while cancer cells are 

characterised by global hypomethylation and hypermethylated regulatory regions 

of tumour suppressor genes. This global hypomethylated state results in 

dysregulated gene expression and chromosomal instability, while promoter 

hypermethylation in tumour suppressor genes inhibits expression. Methylation 

patterns are established and maintained by DNA methyltransferase (DNMT) 3A 

and 3B, and DNMT1, respectively. The demethylation process involves the ten-

eleven translocation enzymes (TETs), including TET1, TET2 and TET3. The 

interplay between DNMTs and TETs are essential in establishing and 

maintaining methylation patterns. Notably, vitamin D deficiency (< 20 ng/mL) has 

been associated with breast cancer susceptibility and fatality. Vitamin D 

supplementation has also been associated with increased global methylation in 

leukocytes and has been reported to interact with DNA methylation to influence 

breast cancer risk. However, the detailed molecular mechanism linking vitamin D 

to DNA methylation is still unclear and in vitro evidence supporting the observed 

cohort correlations is lacking. Given the genomic effects of vitamin D, it was 

hypothesized that vitamin D increase DNA methylation by increasing DNMT 

expression or inhibiting TET expression. The aim of this study was to assess the 

molecular mechanism governing vitamin D-induced changes in global DNA 

methylation in MCF-7 breast cancer cells. In vitro cell culture models for MCF-7 

cells and embryonic kidney cells (HEK293 – serving as a control) were 

supplemented with or without 10 nM or 100 nM 1,25(OH)2D3. After 18 h, DNA 
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was extracted from the cells for methylation and hydroxymethylation analysis, 

and RNA for the gene expression study. 10 nM 1,25(OH)2D3  significantly induced 

DNMT3B expression level (P < 0.010), while decreasing TET3 expression (P < 

0.010), to significantly increase global methylation level in MCF-7 cells (P < 0.050). 

Additionally, 10 nM 1,25(OH)2D3 significantly increased the tumour suppressor-

targeting TET1 and TET2 expression in MCF-7 cells, suggesting that the reported 

anticancer effects of vitamin D may be related to demethylation of tumour 

suppressor genes as a results of vitamin D induced TET expression  Therefore, the 

results suggest that vitamin D increases global DNA methylation in MCF-7 breast 

cancer cells by decreasing TET3 and increasing DNMT3B expression to increase 

de novo methylation, thereby increasing genome stability, while decreasing 

promoter methylation of tumour suppressor genes by enhancing TET1 and TET2 

expression. Importantly, vitamin D had minimal effects on the global methylation 

levels in the embryonic kidney cells, with no change in TET2 and TET3 

expression, or DNMT3 level, suggesting that vitamin D acts specifically to correct 

aberrant hypomethylation. Thus maintaining a sufficient vitamin D status could 

be key in promoting good health and well-being. 
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Chapter 1: Literature Review 

   Breast cancer 

Breast cancer (BCa) can be defined as atypical hyperplasia which is the build-up 

of abnormal cells in the breast (Myers and Walls, 2018). The breast is made of two 

main types of tissues: glandular and stromal tissue. Glandular tissues contain the 

milk-producing lobules and ducts, while stromal tissues house the fatty and 

fibrous connective tissues (Khuwaja and Abu-Rezq, 2004). BCa commonly 

originates from the inner lining of the milk ducts, but can also originate from cells 

lining the lobules or metastasize from other tissues (Sharma et al., 2010). 

   

BCa may present with lumps, skin dimpling, changes in the skin colour and 

texture, inversion of the nipple and discharge of blood or fluid (Fig. 1.1; Bisen, 

2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 1: Macroscopic presentation of breast cancer. Breast cancer may present 

with lumps, skin dimpling, changes in the skin colour and texture, inversion of the nipple 

and discharge of blood or fluid. Taken from Bisen (2013). 
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1.1.1. Prevalence and mortality  

In 2015, BCa caused 571 000 deaths globally (World Health Organisation, 2016). 

In 2018, the number of BCa deaths increased to 626 679 (Fig. 1.2A; GLOBOCAN 

2018). Over 2 million new BCa cases have been recorded in 2018 and it still 

remains the second most common cancer globally (Fig. 1.2B; GLOBOCAN, 2018). 

Developing countries account for roughly 50% of BCa cases and 58% of global 

mortalities rates (GLOBOCAN, 2008). The number of women at risk of BCa stand 

at roughly 19.4 million from the age of 15 years and older.   

 

In South Africa, BCa accounted for 0.7% of all deaths in 2013 (CANSA, 2018) and 

is the most common cancer type among women. All races combined, 21% of women 

were diagnosed with BCa in 2014 (National Cancer Registry; NCR 2014). 

Although BCa is 100 times more common in women, men can acquire it too. Men 

generally have a poorer prognosis due to delays in diagnosis (National Cancer 

Institute, 2006; American Cancer Society, 2007). The low survival rate in 

developing countries such as South Africa is due to the lack of appropriate 

diagnosis, treatment facilities and the lack of early detection programmes, which 

result in a large number of women presenting with late-stage disease (WHO, 

2013).  

 

Figure 1. 2: Breast cancer was the leading single cancer cause of death 

worldwide in 2018. The graph shows the global estimated mortality rate in 2018 (A) 

and number of new cases in 2018 (B) in all cancers irrespective of sex and age. Taken from 

GLOBOCAN (2018). 

Other cancers 

8 323 793 (46%) 

 

 

 

Other cancers 

3 781 406 (39.6%) 

Pancreas 

432 242 (4.5%) 
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1.1.2. Risk factors 

It is estimated that about 27% of diagnosed BCa are due to genetic mutations 

(Lichtenstein et al., 2000). Mutations in tumour suppressor genes such as p53, 

DNA repair associated gene 1 (BRCA1) and DNA repair associated gene 2 

(BRCA2) increase the risk of BCa (Petrucelli et al., 2016). Women who carry 

mutations in p53, have an 85% chance of developing BCa by the age of 60 (Schon 

and Tischkowitz, 2017). Mutations in BRCA1 or BRCA2 increases BCa risk by 60-

85% (Juwle and Saranath, 2012). However, these mutations rarely occur and only 

account for about 5% of the total number of BCa cases (Calderon-Garciduenas et 

al., 2005). Thus, while these genetic mutations contribute to BCa risk, it is not the 

sole contributor. Lifestyle, environmental and hormonal factors also influence 

disease risk. In less developed countries, non-genetic risk factors such as obesity, 

being overweight, excessive alcohol consumption and lack of physical activity, 

accounts for ~18% of the cases; with lack of physical activity making the largest 

contribution to risk (10%; Danaei et al., 2005). In Africa, BCa was the top cancer 

among females attributed to excess body mass index in 2012 (GLOBOCAN, 2018).   

Chemicals including diethylstilboestrol (DES, Veurink et al., 2005) and ethylene 

oxide (Steenland et al., 2003), age (Dana-Farber, 2017), and increased oestrogen 

exposure resulting from early menarche and late onset menopause (after 55 years 

of age, Eaton, 2002) are all associated with BCa development. 

 

The molecular mechanism by which oestrogen affects BCa is poorly characterized. 

Nonetheless, experimental evidence suggests that oestadiol (E2) along with its 

oestrogen receptor alpha (ERα), stimulates cell proliferation and induce mutations 

that form due to errors during DNA replication (Fig 1.3; Preston-Martin et al., 

1993; Preston-Martin et al., 1990). This effect of E2 then reinforces the growth of 

cells bearing mutations, which accumulate until cancer develops. From a 

metabolic point of view, oestrogen molecules are converted to quinone metabolites 

that directly bind to DNA, forming adducts, resulting in DNA damage (Yager and 

Davidson, 2006). Moreover, catechol oestrogen metabolites go through redox 

cycling, generating oxygen free radicals that damage DNA-bound guanine to form 
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8-OXO-guanine bases which are unstable and get deleted from the affected DNA 

fragments through depurination. Error-prone DNA repair mechanisms employed 

may then result in mutation formation at the depurinated sites (Cavalieri et al., 

2006). Accumulation of mutations may contribute to BCa development.  

  

 

Figure 1. 3: Pathways of oestrogen carcinogenesis. The two different yet 

complementary pathways may contribute to oestrogen carcinogenesis and to the 

initiation, promotion and progression of breast cancer. E1 denotes estrone, E2 estradiol, 2-

OH-E1 2-hydroxyestrone, 2-OH-E2 2-hydroxyestradiol, 4-OH-E1 4-hydroxyestrone, 4-OH-

E2 4-hydroxyestradiol, and 16α-OH-E1, 16α-hydroxyestrone. Taken from Yager and 

Davidson (2006). 
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1.1.3. Treatment and diagnosis 

Current treatments for BCa include breast biopsy, which is the surgical removal 

of breast tissue, followed by chemotherapy. Chemotherapy is the use of drugs to 

stop the ability of cancer cells to grow and divide (Shewach and Kuchta, 2009). 

Ways to administer chemotherapy comprise of intravenous tubes, subcutaneous 

injections, intramuscular injections or oral administration. Radiation can also be 

used after the tumour has been removed in order to kill or shrink any surviving 

BCa cells. Chemotherapy can be given before surgery to shrink a big tumour, 

making the surgery easier (neoadjuvant chemotherapy), or after the surgery to 

decrease recurrence risks (adjuvant chemotherapy; Kufe et al., 2003). 

Chemotherapy can be given through different schedules which depends on what 

functioned best in the clinical trials of the specific drug. It can be given once a 

week or once every 4 weeks. Some of the common drugs used in chemotherapy are 

Capecitabine, Carboplatin, Cisplatin, Cyclophosphamide, Docetaxel, Doxorubicin, 

Tamoxifen, Pegylated liposomal doxorubicin, Epirubicin and Fluorouracil 

(Mohamed et al., 2015).  

 

Early detection and treatment increase the prognosis and chance of survival. The 

most reliable test for BCa detection is the mammogram. This is an X-ray test of 

the breast that can detect BCa up to 2 years prior to tumour formation. Although 

this is a widely used method, it lacks sensitivity and specificity, and is considered 

invasive (Brekelmans et al., 2001). Consequently, there is a need for the 

identification and validation of non-invasive tumour biomarkers that will 

facilitate early detection. Several biomarkers have been proposed encompassing a 

host of biomolecules including lipids (Gönenç et al., 2006; Sharipov et al., 2003), 

carbohydrates (Kurebayashi et al., 2006; Jeschke et al., 2005), polyamines (N1, 

N12 –diacetylspermine; Hiramatsu et al., 2005), proteins (Duffy, 2006), DNA (i.e. 

aberrant methylation in the p16INK4a gene; Silva et al., 1999; Chen et al., 1999) 

and RNA (Silva et al., 2002).  

One of the first identified tumour antigens and prospective biomarkers for BCa 

was the circulating glycoprotein carcinoembryonic antigen (CEA; Gold and 
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Freedman, 1965). An increase in CEA levels, quantified by enzyme-linked 

immunosorbent assay or radioimmunoassay in BCa differentiates between ductal 

carcinomas and lobular carcinomas (Thompson, 1995, Kuhajda et al., 1983). 

Additionally, cytokeratin 8, 18 and 19 (Duffy, 2006; Giovanella et al., 2002) have 

been suggested as cancer biomarkers for early stage of BCa (Eskelinen et al., 

1994); despite their low sensitivity. Another class of early-stage markers are 

cancer-specific autoantibodies (CSA; Casiano et al., 2006), with the added 

advantage of high throughput analysis. Since the immune system rapidly 

responds to emerging tumours, CSAs can be detected in the serum of patients 

earlier than any other cancer biomarkers (Wingren and Borrebaeck, 2006). The 

extracellular protein kinase A (ECPKA) is an example of an autoantibody that is 

upregulated in the serum of cancer patients (Cho et al., 2000; Cvijic et al., 2000). 

However, it lacks specificity and is elevated in a large number of cancers including 

bladder, cervical, lung, colon, liver, prostate and BCa (reviewed by Zaenker and 

Ziman, 2013).  

 

Cancers are formed as a result of numerous effects and many cancers are 

associated with epigenetic changes resulting in dysfunctional regulation and 

concurrent changes in the transcriptome (Cheung et al., 2009). One of the earliest 

changes commonly observed in cancer development is aberrant DNA methylation 

(Moulton et al., 1994). Changes in DNA methylation occurs in genes that regulate 

apoptosis, the cell cycle, proliferation, drug resistance, intracellular signalling and 

metastasis (Sever and Brugge, 2015). Since aberrant DNA methylation occurs 

early in cancer development, it can be considered a hallmark for early detection of 

BCa (Moulton et al., 1994). 
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1.2. DNA methylation 

DNA methylation is an epigenetic modification of DNA which plays a crucial role 

in regulating processes like chromatin structure, transcription, X chromosome 

inactivation, genomic instability, embryonic development, genomic imprinting 

and carcinogenesis (reviewed by Dor and Cedar, 2018). In mammals DNA 

methylation mostly occurs on the 5th carbon of the cytosine ring in the sequence 

context of a CpG dinucleotide, but can also occur in the sequence context of CHH 

or CHG (where H = A/ T/ G). However, non-CpG methylation has only been 

observed in embryonic stem cells, glial cells, oocytes and neuronal cells (reviewed 

by Hyun et al., 2017). In healthy cells, 70-80% of the human genome is methylated. 

This global, hypermethylated state is essential to maintain chromatin 

organisation, regulate tissue-specific expression and prevent the expression of 

repetitive elements (Ehrlich et al., 1982). Moreover, healthy cells have 

hypomethylated CpG islands in the regulatory regions of tumour suppressor 

genes. In contrast, cancer cells are characterized by a global hypomethylation and 

hypermethylated CpG islands in the regulatory regions of tumour suppressor 

genes (reviewed by Pfeifer, 2018). This drop in global methylation results in a 

dysregulated gene expression and chromosomal instability caused by the decrease 

in the relative proportion of genomic heterochromatin in the cancer cells, while 

promoter methylation of tumour suppressor genes inhibit their expression 

(Cheung et al., 2009).  

 

DNA methylation can silence gene expression by directly hindering the binding of 

transcriptional factors to the gene (Fig. 1.4A) and indirectly by binding methyl-

CpG-binding domain proteins (MBDs and MeCP2). MBDs and MeCP2 then recruit 

proteins like histone deacetylases (HDACs) and other chromatin remodelling 
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proteins that modify the histones by forming compact, inactive chromatin, 

inhibiting the expression of the target genes (Fig. 1.4B, Szyf, 2006). 

Figure 1. 4: Direct and indirect gene silencing by DNA methylation. (A) DNA 

methylation can silence gene expression by directly hindering the binding of 

transcriptional factors to the gene. (B) Indirect gene silencing involves the binding of 

methyl-CpG-binding domain proteins (MBDs and MeCP2) which recruit proteins such as 

histone deacetylases (i.e. HDAC2) and other chromatin remodelling proteins to inhibit 

gene expression. Taken from Szyf (2006). 

 

1.2.1. Biomarker capability of DNA methylation  

Using blood samples and a genomic approach, a number of successful DNA 

methylation markers for early cancer detection has been discovered. For example, 

Guerrero-Preston et al. (2014) showed that the promoter of the kinesin family 

member 1A gene (KIF1A) encoding the motor protein KIF1A, responsible for the 

transportation of membranous organelles on axonal microtubules, was 

hypermethylated in BCa patients, but not in controls. This suggests that 

methylation level of KIF1A can be a biomarker for early BCa detection (Guerrero-

Preston et al., 2014). In another study on monozygotic twin patients, it was shown 

that the promoter of the docking protein 7 gene (DOK7), which is essential for 

A 

B 
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forming connections between nerve and muscle cells in the neuromuscular 

junction was hypermethylated in the blood of the affected patient but not in the 

unaffected twin (Heyn et al., 2013). Of note, this hypermethylation was present 

several years prior to diagnosis, suggesting that changes in DOK7 promoter 

methylation could be a biomarker for early BCa detection (Heyn et al., 2013).  

 

Recently, liquid biopsy has gained a lot of attention as a non-invasive, non-

injurious, highly sensitive diagnostic tool (review by Wang et al., 2017). During 

liquid biopsies, circulating cell-free DNA, originating from both normal and 

tumour cells, is used to detect tumour-specific mutations, loss of heterozygosity, 

genetic polymorphism and changes in DNA methylation (Schwarzenbach et al., 

2011). Combining DNA methylation markers, circulating tumour DNA 

concentrations and other genetic variations like DNA integrity might be much 

more informative with regard to cancer diagnosis, than using protein markers 

alone (review by Wang et al., 2017). Circulating methylated DNA has been 

regarded as a potential biomarker for detecting several cancers including lung 

cancer, colorectal cancer, pancreatic cancer and BCa (Pixberg et al., 2015). DNA 

methylation-based biomarkers are currently used in the clinic. For example, DNA 

methylation levels of MLH1 is used to diagnose Lynch Syndrome (hereditary non-

polyposis colorectal cancer; Church et al., 2014). 

 

1.2.2. Regulation of DNA methylation patterns 

In the human genome, DNA methylation patterns are established and maintained 

by a class of transferase enzymes known as DNA methyltransferases (DNMTs) 

including DNMT1, DNMT2, DNMT3A, DNMTT3B and DNMT3L (Hervouet et al., 

2018). DNMT1 functions as the maintenance methyltransferase (Negishi et al., 

2009) and DNMT3A and DNMT3B regulate de novo methylation (Okano et al., 

1999). DNMT2 methylates tRNA contributing to translational control (Goll et al., 

2006), while DNMT3L lacks catalytic activity and its function remains poorly 

defined. However, DNMT3L is known to stimulate de novo methylation through 
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DNMT3A/DNMT3B and is also thought to be required for establishing maternal 

genomic imprints (Hervouet et al., 2018). In essence, during early embryonic 

development, DNA undergoes de novo methylation by DNMT3. Replication of the 

methylated DNA results in hemimethylated DNA where the parent strand is 

methylated and the daughter strand is not. DNMT1 is recruited to the 

hemimethylated DNA molecules where it catalyses methylation of the daughter 

strand based on the parental template, thereby ensuring that previously 

established methylation patterns are maintained at the end of each round of DNA 

replication. In the absence of DNMT1, replication itself would produce 

unmethylated daughter strands resulting in passive demethylation of the genome 

(Goll et al., 2006). In a study on the HCT116 colorectal cancer cell line, a co-

operating function between DNMT3B and DNMT1 was important for establishing 

nearly all methylation in the cells (Rhee et al., 2002). Minimal effect on genomic 

methylation was observed when either DNMT1 or DNMT3B was knocked out, but 

there was a major loss of methylation after a double knockout of the genes. This 

suggests that both maintenance and de novo enzymes are required to co-operate 

in order to maintain methylation in mammalian genomes (Kim et al., 2002).  

 

The demethylation process involves the ten-eleven translocation enzymes (TETs) 

including TET1, TET2 and TET3 (Fig. 1.5). These proteins oxidise 5-

methylcytosine (5-mC) to 5-hydroxy-methylcytosine (5-hmC; Tahiliani et al., 2009; 

Koh et al., 2011). 5-hmC can be further oxidised to 5-formylcytosine (5-fC) and 5-

carboxylcytosine (5-caC; Ito et al., 2011). DNA demethylation can occur actively or 

passively. On the one hand, active demethylation occurs through an enzymatic 

process that removes or modifies the methyl group from 5-mC to its other oxidised 

forms. On the other hand, passive demethylation involves the loss of 5-mC during 

successive replication rounds in the absence of functional DNMT1 activity. 5-hmC 

is the central key to demethylation where it can either go through passive 

depletion by DNA replication or active reversion to cytosine through repetitive 

oxidation and thymine DNA glycosylase (TDG)-mediated base excision repair 

(BER). Active demethylation can be further categorised into two pathways; the 

pathway that involves active modification and passive dilution (AM-PD) and the 
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pathway involving active modification and active restoration (AM-AR). The AM-

PD pathway involves the conversion of 5-mC to 5-hmC and a replication-

dependent dilution of the modified cytosine base back to the unmodified cytosine. 

In the AM-AR pathway, there is repetitive oxidation by TET that yields 5-fC or 5-

caC. These can be removed by TDG to create abasic sites as part of the DNA repair 

mechanism and finally regenerate the unmodified cytosine (reviewed by Kohli and 

Zhang, 2013). The interplay between DNMTs and TETs are therefore essential in 

establishing and maintaining methylation patterns. 

 

 

Figure 1. 5: The DNA demethylation pathway. The image summarizes the pathway 

for modification of the cytosine ring within DNA molecules. (A) 5-methyl cytosine (5-mC) 

bases introduced by DNA methyl transferase (DNMT) enzymes can be oxidised to 5-

hydroxymethyl cytosine (5-hmC), 5-formyl cytosine (5-fC) and 5-carboxy cytosine (5-caC). 

In the active modification and passive dilution (AM-PD) pathway, 5-hmC is diluted in a 

replication-dependent manner to regenerate the unmodified cytosine. In the active 

modification and active restoration (AM-AR) pathway, 5-fC or 5-caC is removed by 

thymine DNA glycosylase (TDG) producing an abasic site as part of the base excision 

repair (BER) process that regenerates the unmodified cytosine. (B) The BER pathway 

involves excision of the abasic site, replacement of the nucleotide using unmodified 

deoxycytidine triphosphate (dCTP) by a DNA polymerase and ligation to repair the nick. 

Taken from Kohli and Zhang (2013). 
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1.2.3. Environmental impact on DNA methylation    

Environmental factors such as asbestos (Kettunen et al., 2017), sunlight 

(Aslibekyan et al., 2014), and vitamin D (review by Fetahu et al., 2014), have also 

been associated with changes in DNA methylation. For examples, Zhu et al. (2016) 

reported an increase in global DNA methylation in leukocytes of African-

Americans after vitamin D supplementation, while Lopes et al. (2012) showed 

reduced DNA methylation in the e-cadherin promoter of the triple negative BCa 

cell line MDA-MB-231 after treatment with 1,25(OH)2D3. Combined, these studies 

suggest that vitamin D increase global methylation while decreasing promoter 

methylation – thus favouring gene expression. However, the molecular 

mechanism through which vitamin D alters DNA methylation is unknown. 

 

1.3. Vitamin D 

1.3.1. Vitamin D metabolism 

Vitamin D is a fat-soluble hormone that is principally obtained from the sun, but 

also from the diet. Skin production of cholecalciferol (25(OH)D3) does not occur 

enzymatically. It is produced from the precursor of vitamin D, 7-

dehydrocholesterol (7-DHC) in a 2-step process where the B ring is lysed by UVB 

light radiation from the sun, producing pre-cholecalciferol (pre-25(OH)D3) that is 

isomerised to 25(OH)D3 a non-catalytic but thermosensitive process (Bikle, 2014; 

Fig. 1.6A). Vitamin D obtained from the diet comes from dairy products but mostly 

from fatty fish. Vitamin D found naturally in fish is 25(OH)D3, however for 

fortified fish contains ergocalciferol (25(OH)D2; Bikle, 2014). 25(OH)D2 is made as 

a result of UVB irradiation of ergosterol in fungi and plants. 25(OH)D2 differs from 

25(OH)D3 in having a double bond between C22 and C23 and a methyl group on C24 

located in the side chain. 25(OH)D2 can be regarded as the first analog of vitamin 

D (Houghton and Vieth, 2006; Fig. 1.6B).  
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Figure 1. 6: The production and metabolism of D2 and D3. (A) 25(OH)D3 (D3) is 

produced in the skin from 7-DHC where the B ring is broken by UVB radiation, and the 

pre-25(OH)D3 (pre-D3) is isomerized to 25(OH)D3 in a thermo-sensitive process. (B) 

25(OH)D2 (D2) is considered as the first analog of vitamin D. It is made from UVB 

irradiation of ergosterol in plants and fungi. Taken from Bikle (2014). 

 

The three principal steps in vitamin D metabolism are 25-hydroxylation, 1α-

hydroxylation, and 24-hydroxylation, carried out by cytochrome P450 mixed-

function oxidases (CYPs). These enzymes are found in the mitochondria (i.e. 

CYP27A1, CYP27B1, and CYP24A1) or the endoplasmic reticulum (i.e. CYP2R1; 

Bikle, 2014). The liver is the major if not the main source of 25(OH)D production 

from 25(OH)D3. CYP27R1 has been found in microsomal pieces of mouse liver and 

is known to 25-hydroxylate D3 and D2 (Cheng et al., 2013). It is mainly expressed 

in the liver and testes. CYP2C11 also 25-hydroxylates D3 and D2 but is more 

commonly known to hydroxylate testosterone (Rahmaniyan et al., 2005). CYP3A4, 

also located in the liver and intestine has 25-hydroxylase activity but prefers 

1α(OH)D as a substrate instead of 25(OH)D (Gupta et al., 2004). Another enzyme, 

CYP2D25, initially taken from pig kidney and liver (Postlind et al., 1997) was seen 
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to lack 25-hydroxylase activity (Hosseinpour and Wikvall, 2000). Therefore, 

CYP2R1 seems to be the principle 25-hydroxylase, however other enzymes do have 

25-hydroxylase activity affecting 25(OH)D levels within a specific tissue, 

contributing to its circulating levels (Bikle, 2014). 

 

The kidney is the major if not the main source of circulating 1,25(OH)2D3 levels. 

Unlike 25-hydroxylation, only one enzyme is known to have 25(OH)D 1α-

hydroxylase activity, CYP27B1. This enzyme is homologous to the other enzymes 

active in vitamin D metabolism; CYP27A1 and CYP24A1 (review by Bikle, 2010). 

Renal 1α-hydroxylase is modulated by three hormones; the fibroblast growth 

factor 23 (FGF23), parathyroid hormone (PTH) and the 1,25(OH)2D3 itself. PTH 

activates while FGF23 and 1,25(OH)2D3 inactivate CYP27B1. Increased calcium 

levels represses CYP27B1 mainly by suppressing PTH, increased phosphate 

represses CYP27B1 by activating FGF23, although phosphate ions can directly 

affect CYP27B1 independently (Bikle and Rasmussen, 1975; Bikle et al., 1975). 

1,25(OH)2D3 reduces activity of CYP27B1 through inhibition of PTH and 

activating FGF23 as well as reducing the levels of 1,25(OH)2D3 by increasing 

CYP24A1, the catalytic enzyme of vitamin D (Kim et al., 2007). 

 

CYP24A1 is the only well-known 24-hydroxylase that takes part in vitamin D 

metabolism. It has 24-hydroxylase as well as 23-hydroxylase activity, of which the 

ratio is species dependent (Jones et al., 2012). The 24-hydroxylase pathway causes 

biological inactivation of calcitroic acid and the 23-hydroxylase pathway produces 

biologically active 1,23, 25-26 lactone. The main function of CYP24A1 is known to 

be the prevention of accumulation of toxic 25(OH)D and 1,25(OH)2D3 levels (Bikle, 

2014). The biologically active metabolite, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) 

produced in the kidneys (Bikle, 2011) is the preferred substrate, with the highest 

affinity to the vitamin D receptor (VDR). 



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 7: Vitamin D metabolism. Vitamin D production starts in the skin tissue, 

when ultraviolet B photons convert the 7-dehydrocholesterol precursor of vitamin D to 

cholecalciferol. Cholecalciferol is inactive, and before it becomes 1,25-dihydroxyvitamin 

D3 (1,25(OH)2D3), it undergoes two hydroxylation steps. Hepatic CYP2R1 mediated 25-

hydroxylation and renal CYP27B1 mediated 1α-hydroxylation. Cholecalciferol is 

converted to the primarily circulating metabolite, 25-hydroxyvitamin D3 (25(OH)D3), in 

the liver. The biologically active metabolite, 1,25(OH)2D3, is produced in the kidneys. 

1,25(OH)2D3 binds to the vitamin D receptor (VDR) and regulates genomic or non-genomic 

effects. Taken from Fathi et al. (2019). 

 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/hydroxylation
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1.3.2. VDR and vitamin D function 

All genomic actions of 1,25(OH)2D3 are mediated by the VDR. VDR is transcription 

factor and is part of the steroid hormone nuclear receptor family (Pike and Meyer, 

2010; Haussler et al., 2010). It consists of 3 domains; the N-terminal DNA binding 

domain that has two zinc fingers that bind the grooves of the DNA at distinct sites 

(vitamin D responsive elements: VDREs), the C-terminal ligand binding domain 

and the hinge region that bind the two domains to each other. The ligand binding 

domain consists of 12 helices. The terminal helix works as a gate, closing around 

the bound ligand, forming an interface for co-activators and also facilitating 

interaction between VDR and its heterodimer partner, usually retinoid X receptor 

(RXR; Nishikawa et al., 1994). In the absence of RXR, VDR may form a 

heterodimer with a different partner or may indirectly bind to DNA through 

another transcription factor (Carlberg et al., 2013). VDR has been found to co-

localise with pioneer factor PU.1 (Novershtern et al., 2011), GABPA, a DNA 

binding motif which overlaps with DR3 elements (Hong et al., 2016; Seuter et al., 

2016), as well as other transcription factors (TF) like RUNX2, TCF4 and CEBPβ 

(Meyer et al., 2012). In the nucleus, VDR binds to the conserved genomic 

sequences, VDREs. There is a considerable amount of variability in VDRE 

sequences, however most that have the highest affinity for VDR are direct repeats 

of two hexameric binding sites including three spacing nucleotides called DR3 

(Carlberg et al., 1993). VDR bound to its VDRE results recruits coregulatory 

complexes needed for its specific genomic activity. Depending on the target gene, 

co-activators or co-repressors are attracted to activate or repress gene expression 

(Fig. 1.8; Nagpal et al., 2005; Pike et al., 2012; Haussler et al., 2013). 

 

ChIP-seq and ChIP-chip techniques have improved our understanding of the 

vitamin D mechanism at a genomic level. For instance, in mouse osteoblast, 1 200 

VDR binding sites were identified at basal levels, upon 1,25(OH)2D3 

administration, the binding sites increased to 8 000 (Meyer et al., 2010b).  

Notably, 1) the amount of VDR binding sites found on the genome is cell type-

specific, 2) the transcription unit for activation is primarily, but not always the 
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VDR/RXR heterodimer, and 3) VDR binding sites are primarily, but not always, 

hexamer half-sites divided by 3 base pairs (Pike and Meyer, 2010). 

 

 

 

Figure 1. 8: The genomic mechanism of vitamin D and VDR. 25(OH)D3 and 

1,25(OH)2D3 circulate bound to a vitamin D binding protein (DBP). The biologically active 

metabolite 1,25(OH)2D3 binds to the vitamin D receptor (VDR) and liganded VDR forms 

a heterodimer with the nuclear retinoid X receptor (RXR) and is transported to the 

nucleus. The heterodimer complex binds to conserved genomic sequences, vitamin D 

response elements (VDREs) in a number of regulatory regions found in the promoter 

target genes, recruiting co-activators or co-repressors, causing positive or negative 

regulations in transcription of the genes. Taken from Fathi et al. (2019). 
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1.3.3. Vitamin D in cancer 

Through these actions, vitamin D modulates calcium and bone metabolism (Fleet 

et al., 2012). Studies have gathered evidence that 1,25(OH)2D3 does not only 

function in calcium and bone metabolism (Chiang and Chen, 2009). Wide sets of 

data have suggested that vitamin D can mediate the whole tumorigenesis process, 

from beginning to metastasis and microenvironment interactions in the cell 

(Giammanco et al., 2015). The mechanisms vitamin D affects cell behaviour 

regulation like proliferation, autophagy, angiogenesis, differentiation, apoptosis, 

inflammation and immune pathways (Ylikomi et al., 2002; Chiang and Chen, 

2013). For example, vitamin D is commonly known to stop cell cycle progression 

by resulting in cell cycle arrest at the G0-G1 transition. In numerous cell lines, 

1,25(OH)2D3 supplementation has induced the expression of cyclin dependent 

kinases inhibitors (CDKIs) such as p21WAF1/CIP1 and p27kip1 to mediate cell 

cycle arrest (Liu et al., 1996; Wang et al., 1996; Jiang et al., 1994; Moffatt et al., 

2001; Boyle et al., 2001). 

 

In a study done on mouse models, 1,25(OH)2D3  signalled through VDR has been 

shown to decrease prostate tumour growth and regulate cancer-related cellular 

events, but there is still lack of proper evidence. Calcium intake levels were also 

tested, because calcium has been reported to suppress renal production of vitamin 

D resulting in higher prostate cancer risk. It was found that increased vitamin D 

serum levels (higher than what is needed to protect bone; 1,000 IU/kg) can reduce 

the progression of prostate cancer. In addition, 1,25(OH)2D3 levels in the prostate 

were inversely proportional to proliferation and increased dietary calcium levels 

caused increase in tumour growth because of the suppression of serum 25(OH)D 

levels.  VDR ChIP-seq showed that vitamin D played a role on the inhibition of 

genes that control proliferation, promoting apoptosis and DNA protective 

pathways. Lastly, VDR binding peaks were found near genes that take place in 

immune response (Fathi et al., 2019). The study showed that vitamin D signalling 

regulates early stage prostate cancer progression and that manipulating vitamin 

D serum levels can change the route of early prostate cancer (Fathi et al., 2019). 
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Evidence has shown that adjustable variables such as vitamin D levels influence 

cancer risk and immune system function (Dou et al., 2016; Ogino et al., 2018). The 

important role that inflammation and the immune system plays in the etiology of 

cancer in undeniable as well as post-transplant malignancies caused by long-term 

immunosuppression (Fathi et al., 2019). In addition, supplemental or dietary 

intake of vitamin D and systemic vitamin D levels have been associated with 

reduced risks of cancer mortality and incidence (Dou et al., 2016). For example, 

gastrointestinal cancer occurs in an environment rich in microbiota and intestinal 

associated immune tissue, and has been a model disease for immunology-

molecular pathological epidemiology (MPE). MPE is an emanate field that links 

environmental/lifestyle to immunity diseases or molecular pathologies as well as 

provide biomarkers, precision medicine, prevention strategies and treatment 

programs. A study was done on the correlation between vitamin D plasma levels 

and incidence of colorectal carcinoma subtypes and gastrointestinal cancer using 

immuno-MPE (Song et al., 2016). The extent of vitamin D for cancer prevention 

was found to be stronger in cancers having higher levels of lymphocytic infiltrates. 

This could be because certain immune cells have the ability to convert 25(OH)D to 

1,25(OH)2D3, which then creates an inhibitory effect against neoplastic growth in 

patients (Song et al., 2016; Ogino et al., 2018). Additionally, higher levels of 

25(OH)D were negatively correlated to colorectal cancer risk, irrespective of VDR 

expression level in tumour cells (Jung et al., 2014). Moreover, there has been 

recent epidemiologic evidence supporting the importance of sufficient vitamin D 

administration and sunlight exposure, for the prevention of numerous types of 

cancer (Shui and Giovannucci, 2015). 

 

1.3.4. Vitamin D in breast cancer  

It has been suggested that vitamin D may prevent and ameliorate several cancer 

prognoses, including BCa. A study by Huss et al. (2014) reported a U-shaped 

correlation between pre-diagnostic vitamin D serum levels and BCa-related death 

risk. Poor survival was seen in patients with the lowest and highest vitamin D 

levels, compared to patients with intermediate levels of vitamin D. Numerous 
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research studies have supported the association with low vitamin D levels and 

poor BCa prognosis (Yao et al., 2017; Jacobs et al., 2016; Freedman et al., 2007; 

Rose et al., 2013), as well as patients with high vitamin D levels that were at high 

risk of BCa death (Huss et al., 2014).  

 

Saracligil et al. (2017) showed that vitamin D reduces the growth of MCF-7 BCa 

cells in a dose dependent manner. Notably, vitamin D deficiency is common among 

BCa cases (reviewed by Atoum and Alzoughool, 2017) and consequently, it has 

been considered as a therapeutic agent in BCa therapy (Pilon et al., 2014; Chang 

et al., 2015). However the efficacy of vitamin D supplementation as adjunct 

therapy for BCa is not conclusive, with clinical trials reporting inconsistent results 

(Table 1). For example, Madden et al. (2018) showed positive results with vitamin 

D effects on BCa while Ismail et al. (2018) showed a negative association. 

 

Vitamin D employs its function through the VDR, situated in ductal epithelial cells 

and lobule of normal mammary glands (Berger et al., 1988; Narbaitz et al., 1981). 

BCa lesions have been reported to express more VDR than normal breast tissue 

(Friedrich et al., 2002). Since female breast cancer patients with intermediate 

compared to low levels of vitamin D may have greater survival, it could be assumed 

that expression of VDR in BCa is also correlated with better prognosis (Huss et 

al., 2019). A few studies have shown an association between VDR expression and 

BCa survival, as well as tumour prognostic features. However, these studies have 

inconsistent results and most did their assessment with a small number of breast 

tumours (Al-Azhri et al., 2017; Berger et al., 1991; Ditsch et al., 2012; Eisman et 

al., 1986; Freake et al., 1984; Friedrich et al., 2002). In a recent study however, 

VDR immunohistochemical staining was done on more than 700 primary and 

invasive breast tissue from the Malmö diet and cancer study (MDCS; Elebro et al., 

2017). It was found that increased VDR expression in BCa cell nuclei was 

associated with better prognosis and lower BCa death risk. Moreover, female 

patients with VDR-positive tumours had a higher rate of survival than those with 

VDR-negative tumours (Huss et al., 2019). Therefore, vitamin D status is a 
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modifiable BCa risk factor. Sufficient vitamin D concentrations have the potential 

of preventing BCa and may reduce its aggressiveness. Vitamin D deficiency is 

correlated with higher risk of BCa. Also, elevated VDR levels in BCa tissue may 

be a lead in targeting this receptor for treatment (Hemida et al., 2019) or making 

it more effective in chemotherapeutic treatments of BCa, thus possibly improving 

the genomic stability of BCa cells. 
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Table 1: Efficacy of vitamin D supplementation as adjunct therapy in female breast cancer patients. 

 

Sample 

(Country) 

Intervention Effects on 25(OH)D status Effect on prognosis Reference 

n = 60  

(USA) 

  

VDa-HDb: oral 50 000 

IU/week for 12 weeks 

(<40 ng/ml). 

VD-ssc: 1200 mg/day 

calcium + 600 IU/day 

VD (Viactiv chews) 

(>40 ng/ml). 

Baseline: 63% VD deficient (<20 ng/ml) or 

insufficient (20-31 ng/ml).  

At 12 weeks: 25(OH)D >40 ng/ml achieved for 

42 subjects, with no opposing effects.  

At 16 weeks: Treatment with letrozole, more 

women with 25(OH)D levels >66 ng/ml (median 

level) reporting no disability from joint pain 

than women with levels <66 ng/ml (p = 0.026). 

Vitamin D3 

supplementation with 

50,000 IU p/week is 

safe, significantly 

increases 25(OH)D 

levels, and may reduce 

disability from AId-

induced arthralgias 

Khan et al. 

(2010) 

 

n = 260  

(Spain) 

<30 ng/ml: oral calcium 

1000 mg + D3 800 

IU/day, + oral D3 16 

000 IU every 2 weeks. 

≥30 ng/ml: calcium 

1000 mg + D3 800 

IU/day. 

At baseline: 25(OH)D <30 ng/ml (90% of 

women). 

After supplementation every 2 weeks: 50% 

failed to reach sufficient concentrations at 3 

months. 

40 ng/ml 25(OH)D may 

prevent AI arthralgia 

development but higher 

doses are needed to 

achieve this level in 

women who are 

deficient at baseline. 

Prieto-

Alhambra 

(2011)  

 

n = 246 

(USA) 

Dosage was stratified 

by low dose (<10 000 

IU/week) or high dose 

(>10 000 IU/week) 

At baseline: 33.3% of patients were VD deficient 

at the start of therapy.During neoadjuvant 

chemotherapy: 60% of the subjects received a 

VD dose < 10,000 units/week. VD use was 

associated with improved disease-free survival 

(DFS; p = 0.026). 

VD supplementation in 

patients with non-

metastatic HER2 (+) 

breast cancer is 

associated with 

improved DFS. 

Zeichner et 

al. (2015) 
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Table 1: Continued… 

a Vitamin D 

b 25(OH)D level > 40 ng/ml at baseline continued on standard VD supplementation and calcium only 

c 25(OH)D level ≤ 40 ng/ml at baseline began 50 000 IU of oral vitamin D3 every week 

d Aromatase inhibitors

n = 5 417  

(Ireland) 

 

Initiation of de novo 

VD post-diagnosis of 

invasive BCa 

20% reduction in breast cancer-specific 

mortality in de novo VD users compared 

to non-users (p = 0.048) 

Reduction increased to 49% if VD was 

introduced within 6 months of BCa 

diagnosis (p < 0.001) 

De novo VD use, post-diagnosis: 

associated with a reduction in breast 

cancer-specific mortality. 

VD has the potential as a 

non-toxic and inexpensive 

agent to improve survival 

in breast cancer patients. 

Madden et al. 

(2018) 

 

n = 50  

(Egypt) 

Serum level 25(OH)D 

was measured 

 

 

VD deficiency: 25(OH)D <20 ng/ml. 

15 patients had VD deficiency: Positively 

associated with larger tumour size (p < 

0.001), advanced stage (p = 0.001), 

lymph node positivity (p = 0.012) and 

HER2/neureceptor expression (p = 

0.002).  

VD deficiency had a 

negative effect on overall 

and disease-free survival 

in the breast cancer cases. 

Ismail et al. (2018) 
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1.3.5. Vitamin D and the epigenome 

Vitamin D interacts with the epigenome on many levels. The genes that play 

important roles in vitamin D signalling have promoters with large CpG islands 

and thus can be silenced by DNA methylation. The genes include those coding for 

VDR, CYP2R1, CYP27B1 and CYP24A1. Also, VDR directly interacts with 

coactivators and corepressors which then come into contact with chromatin 

modifiers like, histone acetyltransferases (HATs), histone deacetylases (HDACs), 

histone methyltransferases (HMTs) and chromatin remodelers (Fig. 1.9; Pan et 

al., 2010). 

 

The chromatin environment controls genomic activity in the whole genome. Post-

translational modifications at the histone N-terminal tails, causing a shift at the 

nucleosomes, the chromatin relaxes and there’s gene activation (Meyer et al., 

2013). Histones undergo modifications such as lysine acetylation, lysine and 

arginine methylation as well as serine and threonine phosphorylation (Esteller, 

2008). When genes are silenced epigenetically, CpG island hypermethylation occur 

through the lack of acetylation on histone 3 (H3) and histone 4 (H4), no 

methylation on lysine 4 (K4) on H3 (H3K4), and addition of methylation at K9 and 

K27 on H3 (H3K29 & H3K27; Esteller, 2008). Coactivators recruited by VDR, such 

as p160 steroid receptor coactivator proteins (SRC1, 2 & 3) have lysine 

acetyltransferase activity. In a study by Seuter et al. (2013), THP-1 cells treated 

with 1,25(OH)2D3 induced H3K27 acetylation at promoter regions of many VDR 

target genes. In MDA-MB453 BCa cells, 1,25(OH)2D3 supplementation regulated 

expression of the potent cyclin-dependent kinase inhibitor, p21 through histone 

methylation and acetylation (Saramäki et al., 2009). Therefore, histone 

methylation can cause gene activation or silencing, depending on what histone site 

is methylated as well as the methylation degree (i.e. mono-, di-, or tri-

methylation), the amino acids affected and where they are situated at the histone 

tail (Esteller, 2008). 
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Figure 1. 9:  Illustration of a two-step co-regulator model. In the absence of 

1,25(OH)2D3, the VDR/RXR complex may bind corepressors resulting in gene repression, 

by recruiting histone deacetylases (HDACs). Upon ligand binding, corepressors are 

replaced by coactivators, such as histone acetyltransferases (HATs). Acetylation of 

histones (green stars) allows for chromatin relaxation and gene transcription. Taken from 

Fetahu et al. (2014). 

 

On one hand, vitamin D is regulated by epigenetic mechanisms while on the other 

hand, it plays specific roles in regulating epigenetic reactions. Regulation of gene 

expression is a refined mechanism and if deregulated, can result in pathological 

conditions. The role of vitamin D in maintaining normal epigenetic function 

emphasises the importance of this hormone in physiology (review by Fetahu et al., 

2014). However, the detailed mechanism of its actions is still not fully understood.  
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1.4. Hypothesis 

Given the genomic effects of vitamin D, it was hypothesized that vitamin D 

directly interacts with the epigenome to maintain chromosomal stability and 

regulate gene expression. Here, we hypothesise that vitamin D will increase global 

DNA methylation in hypomethylated breast cancer cells by increasing DNMT 

expression or inhibiting TET expression. 

 

1.5. Aim   

Since breast cancer has been associated with vitamin D deficiency and a loss of 

global DNA methylation, the aim of the study was to assess the molecular 

mechanism governing vitamin D-induced changes in global DNA methylation in 

MCF-7 BCa cells.  

 

1.6. Objectives: 

1) To establish control and experimental MCF-7 BCa cells to be treated with 

and without 1,25(OH)2D3.  

2) To assess the effect of 1,25(OH)2D3 on cell viability and proliferation with a 

trypan blue and MTT assay, respectively. 

3) To extract high quality, intact genomic DNA and quantify changes in global 

methylation and hydroxymethylation in MCF-7 BCa cells supplemented 

with or without 1,25(OH)2D3. 

4) To extract high quality, intact RNA from MCF-7 BCa  and quantify the 

effect of 1,25(OH)2D3 on the expression of genes encoding proteins involved 

in cytosine modification (DNMT1, DNMT3A, DNMT3B, TET1, TET2, 

TET3) as well as VDR.  

5) To perform a statistical analysis to evaluate the effect of 1,25(OH)2D3 on 

DNA methylation and the expression on genes regulating DNA methylation 

in MCF-7 BCa cells. 

6) To validate the observed effect of 1,25(OH)2D3 in non-malignant cells by 

repeating objectives 1-6 in the non-cancerous, control cell line, HEK293. 
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7) To perform a bioinformatics analysis on DNMT1, DNMT3A, DNMT3B, 

TET1, TET2 and TET3 to identify putative transcription factor binding sites 

for VDR, RXR, PU.1, RUNX2, TCF4, CEBPβ and DNA binding motif, GABPA. 
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Chapter 2: Methodology 

  Cell culture and treatment 

Michigan Cancer Foundation-7 (MCF-7; passage 31) breast cancer cells and 

Human embryonic kidney 293 cells (HEK293; passage 12) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM; Biowest, Riverside, MO) 

supplemented with 5% (v/v) FBS (Pan Biotech, Aidenbach, Germany) and 1% (v/v) 

Penicillin-Streptomycin mix (Sigma Aldrich, St. Louis, MO) to about 80-90% 

confluency. Once confluent, cells were treated with 10 nM 1,25(OH)2D3 (Sigma 

Aldrich, St. Louis, MO), 100 nM 1,25(OH)2D3, or vehicle control (10 nM or 100 nM 

ethanol; Sigma Aldrich, St. Louis, MO) for 18 h. Cultures were kept at 37 °C in 5% 

CO2. Following treatment, cells were detached by incubation in 2 ml trypsin 

(Sigma, St. Louis, MO) at 37 °C for 5 min. The cell suspension was centrifuged at 

1 000 × g and the supernatant discarded. Cell pellets were re-suspended in 1 ml 

phosphate buffered saline (PBS; 0.01 M phosphate buffer, 0.0027 M potassium 

chloride and 0.137 M sodium chloride, pH 7.4; Sigma, St. Louis, MO). Cells were 

counted and viability estimated with the trypan blue (Sigma, St. Louis, MO) assay. 

Cell were either harvested and stored at -80 °C for RNA (5 x 105) and DNA (1 x106) 

extraction, or used directly for an MTT assay (1 x 104). All experiments were done 

at least three times, with at least two technical replicates included in each 

independent experiment. HEK293 cells were included in the study as a control cell 

line representative of cells where global hypomethylation is normal. 

 

2.1.1. Trypan blue assay 

To determine cell viability, the trypan blue (Sigma, St. Louis, MO) exclusion assay 

was used. This assay is based on the principle that viable cells have intact cell 

membranes that exclude dyes like trypan blue, whereas non-viable cells do not 

(Strober, 2001). Thus, the cells that took up trypan blue were considered non-

viable, while viable cells remained clear. A 10X dilution of cell aliquots in trypan 

blue solution were prepared (5 µl of cells and 45 µl of trypan blue). The solution 
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(10 µl) was loaded onto a haemocytometer and all cells present in each square of 

the haemocytometer was counted. The number of viable cells were counted by 

taking the average live cells per square multiplied by the dilution factor (10), 

multiplied by the chamber conversion factor (10 000). The percentage viability was 

calculated by taking the number of viable cells and dividing it by the total cell 

count (viable and non-viable) within the squares on the haemocytometer, and 

multiplying it by 100.  

 

2.1.2. MTT assay  

To asses cell proliferation the MTT assay was used. This colorimetric assay uses 

the reduction of yellow tetrazolium 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to detect cell proliferation as it measures the 

growth rate of cells by means of the linear relationship between cell activity and 

absorbance (Mahajan et al., 2012). Viable cells have NAD(P)H-dependent 

oxidoreductase enzymes which reduce the MTT reagent to an insoluble crystalline 

product with a deep purple colour called formazan (Bahuguna et al. 2017) that can 

be quantified at 570 nm. For the assay, cells were seeded at a density of 1 x 105 

cells / 45 µl culture media. The cells were left to attach for 24 h. Cells were treated 

with 1,25(OH)2D3, vehicle control, or tissue culture media (serving as a blank) and 

incubated for 18 h. Following incubation, 5 mg/ml MTT (Sigma Aldrich, St. Louis, 

MO) was added to the cells. After a 4 h incubation, 55 µl of 10% (w/v) SDS (Sigma 

Aldrich, St. Louis, MO) in 0.01 M HCl (solubilizing agent; ACE Chemicals, Theta, 

Johannesburg) was added and the cells were further incubated for 16 h. 

Absorbance was measured at 570 nm on the Multiskan® GO Microplate 

Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The darker the 

solution, the greater the metabolic cell activity and number of viable cells 

(Barnabé, 2017). The MTT assay was performed on 3 independent biological 

replicates, with each experiment containing 3 technical replicates.  
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2.2. Genomic DNA (gDNA) extraction 

To quantify the change in DNA methylation induced by 1,25(OH)2D3, gDNA was 

extracted using the Quick-DNATM Miniprep Plus Kit (Zymo Research, Irvine, CA). 

All experiments were performed at 4 ºC unless stated otherwise. Centrifugation 

steps were done at 16 000 x g for 1 min. The frozen cell pellets (1 x106 cells) were 

re-suspended in a mixture of 200 µl DNA elution buffer and 3µl β-

mercaptoethanol; a protein reductant that breaks disulphide bonds between and 

within the proteins (Wingfield, 2016). 200 µl BioFluid & Cell Buffer and 20 µl 

Proteinase K was added. The solution was mixed thoroughly and incubated at 55 

°C for 15 min. Thereafter the same volume of Genomic Binding Buffer (1:1) was 

added to the cell lysate. The mixture was transferred to a Zymo-SpinTM IIC-XL 

column in a collection tube and centrifuged. The collection tube was discarded with 

the flow through and 400 µl DNA Pre-Wash Buffer was added to the column in a 

new collection tube and centrifuged. The collection tube was emptied and 700 µl 

g-DNA Wash Buffer was added and centrifuged followed by another 200 µl g-DNA 

Wash Buffer and centrifugation step. The collection tube and its flow through was 

discarded. To elute the DNA, the column was inserted into a clean micro centrifuge 

tube and 30 µl DNA Elution Buffer was added to the column. The sample was 

incubated at 55 °C for 7 min and centrifuged. Eluted DNA was stored at – 80 °C. 
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2.3. RNA extraction 

RNA was extracted using the Direct-zolTM RNA MiniPrep Plus Kit (Zymo 

Research, Irvine, CA). All experiments were performed at 4 ºC unless stated 

otherwise. Centrifugation steps were done at 16 000 x g for 30 sec unless stated 

otherwise. A mixture of 1 µl β-mercaptoethanol and 600 µl of Tri-ReagentTM 

(Sigma, St Louis, MO) was added directly to the frozen cell pellets (5 x 105 cells) 

and the sample was aspirated thoroughly. Tri-reagent is a ready-to-use phenol-

based reagent which functions to maintain the integrity of RNA during 

homogenisation while simultaneously disrupting and breaking down cell 

components (Rio et al., 2010). To recover the RNA through precipitation, 400 µl 

ethanol (Sigma, St Louis, MO) was added to the cell lysate and aspirated. The 

mixture was transferred onto a Zymo-SpinTM IIICG column in a collection tube 

and centrifuged. To remove gDNA contamination, a DNase I treatment was done 

where a mixture of 15 µl DNase I and 75 µl DNA Digestion Buffer was added 

directly onto the column matrix. This reaction mixture was incubated at room 

temperature for 20 min. After incubation, 400 µl Direct-zolTM RNA Pre-Wash was 

added to the column and centrifuged for 30 sec. The flow through was discarded 

and the step repeated. 700 µl RNA Wash Buffer was added to the column and 

centrifuged for 2 min to ensure complete removal of the wash buffer. To elute RNA, 

the column was transferred to an RNase-free tube and 20 µl DNase/RNase-Free 

Water was directly added to the column matrix and centrifuged. Eluted RNA was 

stored at – 80 °C.  
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2.4. Quality control 

2.4.1. DNA and RNA purity 

To assess the purity of the extracted DNA and RNA, the absorbance of the samples 

was quantified at 230, 260 and 280 nm on a NanoDrop® Spectrophotometer. DNA 

and RNA samples were measured at 260 nm because the heterocyclic rings of their 

nucleotides absorb ultraviolet (UV) light at this wavelength while the sugar-

phosphate backbone does not contribute to absorption. At 280 nm, protein 

contamination was measured because proteins, particularly with aromatic amino 

acids like tyrosine, tryptophan, phenylalanine and tryptophan absorb UV light at 

280 nm. A 260/280 ratio of 1.8 is generally accepted as pure for DNA and for pure 

RNA, a ratio of 2.0 is accepted (Wilfinger et al., 1997). The ratio for RNA is higher 

than DNA because RNA absorbs more UV light than DNA. This is because DNA 

is double stranded and thus absorbs UV light less strongly due to the stacking 

interactions between the bases (Alexander and Griffiths, 1993). 

Another absorbance ratio used to test DNA and RNA purity was the A260/230 

ratio. Phenolate ions, thiocynates and other organic compounds absorb UV light 

at 230 nm, therefore the A260/230 ratio measures the level of these contaminants. 

The expected A260/230 ratio ranges between 2.0-2.2. If the ratio is lower than 

expected, it may indicate that contaminants are present. The advantages of using 

UV light to measure RNA and DNA absorbance lies in the instrument used for 

quantification; the NanoDrop® Spectrophotometer that can detect as little as 2 

ng/µl nucleic acid. Furthermore, only 1 μl of your sample is lost during 

quantification and a measurement can be obtained in less than 30 seconds 

(Wieczorek et al., 2012). 
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2.4.2. DNA and RNA integrity 

To assess the integrity of the extracted DNA and RNA, the samples were 

electrophoresed through an agarose gel. Agarose gel electrophoresis separates 

molecules based on their size and charge. The molecules are migrated under the 

influence of an electric field, where negatively charged molecules such as DNA and 

RNA move towards the positive pole (anode). The smaller molecules migrate faster 

through gel, while the larger ones migrate slower (Sambrook and Russel, 2001). 

Under UV light, high-quality and high-molecular-weight DNA (> 50 kb) should be 

seen on the gel for the DNA to be deemed fully intact (Mayjonade et al., 2016). 

With RNA, two distinct bands of 18S and 28S with high molecular weight must be 

prominently seen on the gel for intact RNA. If there is gDNA contamination in the 

RNA samples, it will be visualised on the gel as gDNA runs slower through the gel 

matrix than RNA (Wieczorek et al., 2012).  

For gel electrophoresis, a 10X TBE buffer stock solution was made, consisting of 

0.89 M Trisaminomethane (Tris; Merck, Modderfontein, South Africa), 0.89 M 

Boric acid (Merck, Modderfontein, South Africa) and 0.5 M Ethylenediaminotetra-

acetic acid (EDTA; Sigma Aldrich, St. Louis, MO) at a pH of 8.0 adjusted with 0.1 

M NaOH (Sigma Aldrich, St. Louis, MO). This buffer was then diluted to a 1X TBE 

buffer solution which was used to run the agarose gels. To make a 1% (w/v) agarose 

gel for the DNA/RNA samples, 1.5 g of agarose (Lonza, Basel, Switzerland) was 

dissolved in 150 ml of 1X TBE buffer by heating the solution. After cooling the 

solution, 3 µl of Ethidium bromide (Sigma, St. Louis, MO) was added. Ethidium 

bromide is used because it binds to DNA/RNA and after illuminating the gel with 

a UV light source, the DNA/RNA bands can be visualised (Sigmon and Larcom, 

1996). Using a 6X DNA/RNA loading dye (Sigma, St. Louis, MO), 1 µl of the loading 

dye was mixed with 5 µl of DNA/RNA sample and the solution was added to the 

wells. The gel was subjected to an electromotive force of 90 mV for 30 min.  
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2.5. Global DNA methylation analysis 

To quantify changes in global DNA methylation level in response to 1,25(OH)2D3 

supplementation, an enzyme-linked immunosorbent assay (5-mC DNA ELISA Kit; 

Zymo Research, Irvine, CA) was used. A standard curve was prepared from 

methylated (positive) and unmethylated (negative) DNA standards (Table 2.1). 

The extracted DNA samples (100 ng) together with the standard curve samples 

were brought up to a 100 µl of 5-mC coating buffer and denatured for 5 min at 98 

°C. After denaturation, the tubes were immediately incubated for 10 min on ice. 

The remaining steps were done under low light due to the light sensitive 

antibodies, as it affects the activity of the conjugates used for detection (Vancells, 

2017). The samples were added to the wells, covered in foil and incubated at 37 °C 

for 1 h. The buffer in the wells was discarded and the wells were washed 3 times 

with 200 µl 5-mC ELISA buffer. After washing, 200 µl of the same buffer was 

added to the wells, covered in foil and incubated for 30 min at 37 °C. During this 

incubation time, the antibody mix was prepared (Table 2.2). After incubation, the 

buffer in the wells were discarded and 100 µl of the antibody mix were added to 

the wells. Covered in foil again, the wells were incubated for 1 h at 37°C. The 

antibody mix was discarded and the wells were washed 3 times with 200 µl 5-mC 

ELISA buffer. 100 µl HRP developer solution was added to the wells after the wash 

and the colour was left to develop for 1 h. The absorbance was measured at a 

wavelength of 415 nm on a Multiskan GO® Microplate Spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). To quantify the methylation level, a 

standard curve was constructed, with the absorbance on the y-axis and % 5-mC on 

the x-axis. The standard curve samples were performed on 2 technical replicates 

while sample DNA was assessed in at least 3 independent biological replicates; 

each containing 3 technical replicates.  
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Table 2. 1: Reaction components for the methylated and unmethylated 

DNA standards. 

 

 

 

 

Table 2. 2: Reaction components for the antibody mix used to quantify 

global DNA methylation level. 

a The total volume was dependent on the number of wells used in the procedure.  

 

 

 

% 5-mC 0% methylated DNA 

(µl) 

100% methylated DNA 

(µl) 

0 10.0 0 

5 9.5 0.5 

10 9.0 1.0 

25 7.5 2.5 

50 5.0 5.0 

100 0 10 

                                               

Dilution Volume (µl) Example 

for 18 

wells (µl) 

5-mC ELISA Buffer N/A 
(number of wells + 2) × 

100 
2 000 

Anti-5-

Methylcytosine 
1: 2 000 Buffer Volume ÷ 2 000 1 

Secondary 

Antibody 
1: 1 000 Buffer Volume ÷ 1 000 2 

Total volume  xa  
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2.6. DNA hydroxymethylation analysis 

To quantify changes in DNA hydroxymethylation level in response to 1,25(OH)2D3 

supplementation, an enzyme-linked immunosorbent assay (Quest 5-hmC DNA 

ELISA Kit; Zymo Research, Irvine, CA) was used. A standard curve was prepared 

from hydroxymethylated (positive) and unmethylated (negative) DNA standards 

(Control A-E) provided with the kit (Table 2.3). A 100 µl/well of 1ng/µl anti-5-

hydroxymethylcytosine polyclonal antibody was added to the wells, covered in foil 

and incubated at 37 °C for 1 h. The buffer was discarded and the wells were 

washed 3 times with 200 µl 1X ELISA buffer. After washing, 200 µl of the same 

buffer was added to the wells, covered in foil and incubated at 37 °C for 30 min. 

The extracted DNA samples (100 ng) together with the standard curve samples 

were brought up to a 100 µl of 1X ELISA buffer and denatured for 5 min at 98 °C. 

After denaturation, the samples were immediately transferred to ice for 10 min. 

The buffer was discarded and 100 µl of the denatured sample and control DNA 

were added to the each well. The wells were covered in foil and incubated at 37 °C 

for 1 h. After incubation, the buffer was discarded and the wells washed 3 times 

with 200 µl 1X ELISA buffer. The 100X anti-DNA HRP antibody solution was 

diluted in 1X ELISA buffer to final 1X concentration. 100 µl of the antibody mix 

was added to each well, covered in foil and incubated at 37 °C for 30 min. The 

buffer in the wells were discarded and washed 3 times with 200 µl 1X ELISA 

Buffer. 100 µl HRP developer solution was added to the wells after the wash and 

the colour was left to develop for 1 h. The absorbance was measured at a 

wavelength of 405 nm on a Multiskan GO® Microplate Spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). To quantify the hydroxymethylation 

level, a standard curve was constructed, with the absorbance on the y-axis and % 

5-mC on the x-axis. This data is then used to measure the concentration of the 

unknown samples in comparison to the linear portion of the standard curve. The 

standard curve samples were performed in 3 technical replicates, while sample 

DNA was assessed in at least 3 independent biological replicates; each containing 

3 technical replicates. 

 



57 

 

Table 2. 3: Concentration 5-hydroxymethylation of the standards 

included in the analysis.   

 

 

 

2.7. Quantitative reverse transcriptase PCR (RT-qPCR) 

To assess the effect of 1,25(OH)2D3 on DNMT1, DNMT3A, DNMT3B, TET1, TET2 

and TET3, and VDR expression, RT-qPCR was done using the SensiFastTM cDNA 

synthesis & SYBR No-Rox Kits (Bioline, London, UK). A master mix was prepared 

on ice for cDNA synthesis (Table 2.4). The reaction mixture was transferred to the 

SimpliAmp thermal cycler (Thermo Fisher Scientific, Waltham, MA) to allow 

primer annealing (25 °C for 10 min), reverse transcription (42 °C for 15 min) and 

inactivation (85 °C for 5 min). After synthesis the sample was cooled on ice. The 

cDNA amplification for specific genes was performed on the CFX-96 Thermal 

Cycler (Bio-Rad, Hercules, CA; Table 2.5 – 2.6). The primers for DNMT3A, 

DNMT3B, TET1, TET2 and TET3 were designed using the PRIMER3 software 

(version 4.1.0; http://primer3.ut.ee/), while suitable primer pairs for DMNT1, 

VDR, ACTB, GAPDH and B2M were obtained from RTPrimerDB (Table 2.7). This 

experiment was done on at least three independent biological replicates, with two 

technical replicates for each gene.  

 

 

 

Control DNA set (100 ng/µl) % 5-hmC 

Control A 0 

Control B 0.03 

Control C 0.12 

Control D 0.23 

Control E 0.55 
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Table 2. 4: Reaction components of the cDNA synthesis master mix.  

a The volume of RNA was dependent on the RNA concentration 

 

Table 2. 5: Reaction components of the qPCR reaction. 

a The forward primer concentration varied for the different genes (100 nM: DNMT1, TET1, 

TET2, TET3; 200 nM: DNMT3A, DNMT3B, TET3, ACTB, GAPDH, B2M; 250 nM: VDR). 

b The reverse primer concentration varied for the different genes (100 nM: DNMT1, TET1, 

TET2, TET3; 200 nM: DNMT3A, DNMT3B, TET3, ACTB, GAPDH, B2M; 250 nM: VDR). 

c RNase free-water volume was dependent on the forward and the reverse primer volumes 

and RNA concentration. 

 

 

Reagent                                                                Volume (µl) 

5x TransAmp Buffer 
4 

Total RNA (500 ng) 
xa 

RNase free-water 
Up to 20 

Reverse Transcriptase 
1 

Total volume 20 

Reagent Volume (µl) 

2x SensiFAST SYBR No-ROX Mix 5 

10 µM Forward Primer xa 

10 µM Reverse Primer xb 

Template 1.5 

RNase free-water xc 

Total volume 10 
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Table 2. 6: The PCR reaction done in a 3-step cycle. 

Cycles Temperature (°C) Time Reaction  

1 95.0 2 min Polymerase activation 

40 

95.0 5 sec Denaturation 

61.9 10 sec Annealing 

72.0 5 sec Extension 
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Table 2. 7: Primer sequences used to amplify the target and reference 

genes. 

    Gene Primer Sequencesa 

 

Product 

Size 

(bp) 

RTprim

erDB 

number 

Reference 

T
a

r
g

e
t 

g
e

n
e
s
 

DNMT1 FP: GTGGGGGACTGTGTCTCTGT 

RP: TGAAAGCTGCATGTCCTCAC 
204 3628 Bestor et 

al., 1988 

DNMT3A FP: CTGTGGGAGCCTCAATGTT 

RP: GCAGTTGTTGTTTCCGCAC 

175  N/Ab  

DNMT3B FP: CTCGTGTGGGGAAAGATCAA  

RP: CCAAATTAAAGTGCTGGCTGA 

187 N/A  

TET1 FP:AGATAAGGGCAGTGGAAAAGAA  

RP: TGGGGTTCGGTTTCACTTTT 

151 N/A  

TET2 FP: GTCCTATTGCTAAGTGGGTGG  

RP: CGTGCCGTATTTCCTCAGC 

194 N/A  

TET3 

 

FP: GACACACCTGCCAAGAGAG 

RP: TATCACTCACCGCTCCTCC 

152 N/A  

 VDR FP: CTGACCCTGGAGACTTTGAC 

RP: TTCCTCTGCACTTCCTCATC 

277 2787 Vienonen et 

al., 2003 

R
e
fe

r
e
n

c
e
 

g
e
n

e
 

ACTB FP: CTGGAACGGTGAAGGTGACA 

RP:AAGGGACTTCCTGTAACAATGCA 

140 1 Vandesomp

ele et al., 

2002 

GAPDH FP: GTCAGTGGTGGACCTGACCT  

RP: AGGGGAGATTCAGTGTGGTG 

395 2093 Wichmann 

et al., 2002 

 

B2M FP: TATCCAGCGTACTCCAAAGA 

RP: GACAAGTCTGAATGCTCCAC 

165 1528 Max et al., 

2001 

       a The Forward (FP) and reverse (RP) primer sequences are given in the 5' - 3' direction.  

     b Not applicable – These primers were designed using Primer3. 
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2.8. Bioinformatics 

Bioinformatics was used to identify putative transcription factor binding sites for 

VDR, RXR, PU.1, RUNX2, TCF4, CEBPβ and DNA binding motif, GABPA 

(Umesono et al., 1991; Carlberg et al., 1993) in DNMT1, DNMT3A, DNMT3B, 

TET1, TET2 and TET3. The Genomatix software (MatBase version 11.1, released 

on June 2019, and https://www.genomatix.de/) was used to search for GABPA 

motifs in or near the candidate genes. The JASPAR software (version 8.0, released 

on January 2020, http://jaspar.genereg.net/) was used to find the transcription 

factor binding sites (VDR, RXR, PU.1, RUNX2, TCF4, and CEBPβ).  

 

2.9. Statistical analysis 

Statistical analysis was performed using IMB® SPSS® Statistics (v. 26; SPSS Inc. 

Chicago, IL). Gene expression was normalised using the Biogazelle qBase software 

and expressed as a fold change (using ΔΔCq) relative to the control (Kannan, 2016). 

1,25(OH)2D3-induced changes in cellular proliferation, DNA methylation and 

hydroxymethylation level, as well as gene expression was assessed using a Mann-

Whitney test. Variance was evaluated using the Levene’s test for equality of 

variance prior to use of the t-test. Correlation between VDR and the other target 

genes was analysed by computing the Pearson’s correlation coefficients. A two-

tailed p-value < 0.05 was considered significant.  
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Chapter 3: Results 

3. Results 

3.1 Quality Control 

3.1.1. Nucleic acids used in the study were intact and pure 

To assess the integrity of the extracted DNA and RNA, gel electrophoresis was 

done. Extracted DNA was consistently intact as illustrated by the high molecular 

weight band at the top of the agarose gel (Fig. 3.1A). The extracted RNA was also 

intact as illustrated by the presence of two bands representing the 28S and 18S 

rRNA subunits (Fig. 3.1B). On average, DNA extracted was relatively pure and 

free of protein and RNA contamination with 260/280 ratios of 1.8-2.0 and 260/230 

ratios ranging between 2.0-2.2. The extracted RNA was also pure and free of 

phenol and DNA contamination with 260/280 and 260/230 ratios ranging between 

1.8-2.0 and 2.0-2.2.  

 

 

 

 

 

 

 

 

Figure 3. 1: The gels show intact DNA and RNA. The representative gels show 

extracted DNA (A) and RNA (B) from the cells supplemented with (Vit D) or without 

1,25(OH)2D3 (Cont). 

 

 

A B 

28S 
18S 

Vit D Cont Vit DCont Cont Vit D
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3.1.2. Primers specifically amplified the gene of interest after cDNA 

synthesis 

To assess whether the correct cDNA product was amplified during RT-qPCR of 

DNMT1, DNMT3A, DNMT3B, TET1, TET2, TET3, VDR, ACTB, GAPDH and 

B2M, gel electrophoresis was conducted on the RT-qPCR products (Fig. 3.2). The 

observed product sizes matched the expected sizes, predicted by in silico PCR 

(https://genome.ucsc.edu/cgi-bin/hgPcr), with a 204 bp product for DNMT1, a 175 

bp product for DNMT3A, a 187 bp product for DNMT3B, a 151 bp product for 

TET1, a 194 bp product for TET2, a 152 bp product for TET3, a 277 bp product for 

VDR, a 140 bp product for ACTB, a 395 bp product for GAPDH, and a 165 bp 

product for B2M. No products were amplified in the absence of a cDNA template 

(NTC). Additionally, the melt curve of each gene was analysed to verify if only one 

product was amplified using the Bio-Rad CFX Maestro software. With the 

exception of TET3 and VDR showing smaller peaks below the threshold, PCR 

products for all the other genes showed one peak on the melt curve above the 

threshold line, which correlates with one product being amplified (Fig. 3.3). 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2: Primers specifically amplified the gene of interest after cDNA 

synthesis. The agarose gel shows the RT-qPCR products of each primer pair (DNMT1, 

DNMT3A, DNMT3B, TET1, TET2, TET3, VDR, ACTB, GAPDH and B2M). For each gene, 

a single band is observed at the expected base pair (bp) size (MW: molecular weight 

marker, +RT: reverse transcriptase, NTC: no template control).  
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Figure 3. 3: Single melt peaks supports the specificity of primers used for RT-

qPCR in the study. The melt curve shows one peak above the threshold for all the primer 

pairs (maroon = DNMT1, red = DNMT3A, light blue = DNMT3B, pink = TET1, light green 

= TET2, dark blue = TET3, dark green = VDR, orange = ACTB, purple = GAPDH, yellow 

= B2M). TET3 and VDR primers displayed smaller peaks below the threshold. 

 

3.1.3. Reference gene stability  

The target genes were normalised against reference genes to obtain the normalised 

expression level. However, the house keeping genes used needed to be stably 

expressed. To analyse the stability of the reference genes (ACTB, GAPDH and 

B2M), the average expression stability value (M-value) of the reference genes was 

determined. The most stable reference genes have the lowest M-values, with the 

accepted limit for stability being an M-value of 0.50 (Yan et al., 2012). The M-

values showed that GAPDH and ACTB were unstable (M-value > 0.50) in MCF-7 

cells, and B2M could not be analysed due to inadequate Cq data values. In HEK293 

cells, B2M and ACTB were stably expressed (M-value < 0.50) while GAPDH was 

acceptably stable (Table 3.1). Thus, for MCF-7 cells, gene expression data was 

normalised against the global mean scaled to the control values, while in HEK293 

cells, gene expression was normalised against B2M and ACTB. 

 

DNMT1 TET2 

E A 
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100 nM 10 nM 

Table 3. 1: The M-values for the reference genes in MCF-7 and HEK293 

cells. 

aNot available 

 

 

3.2. 1,25(OH)2D3 induced no significant change in cell viability of MCF-7 

or HEK293 cells 

To determine whether 1,25(OH)2D3  influence cell viability, the trypan blue assay 

was performed. Neither 10 nM, nor 100 nM 1,25(OH)2D3 supplementation 

significantly altered cell viability in MCF-7 or HEK293 cells. There was also no 

difference in cell viability between MCF-7 and HEK293 cells with response to both 

concentration (Fig. 3.4).  

 

  

 

 

 

 

 

 

Figure 3. 4: 1,25(OH)2D3 supplementation did not significantly influence cell 

viability. The bar graph shows MCF-7 (green) and HEK293 (blue) cell viability in 

response to 10 nM or 100 nM 1,25(OH)2D3 supplementation. Error bars show ± 1SD (n = 

6). 

Reference gene M-value 

 MCF-7 HEK293 

ACTB 1.928 0.183 

GAPDH 1.928 0.183 

B2M N/Aa 0.533 
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3.3. 1,25(OH)2D3 increased methylation in MCF-7 cells but had no effect 

on HEK293 cells 

To assess the effect of vitamin D on DNA methylation, global methylation was 

quantified in response to 1,25(OH)2D3 supplementation in MCF-7 and HEK293 

cells. Global methylation was significantly induced in MCF-7 cells after an 18 h  in 

vitro supplementation with 10 nM, but not 100 nM 1,25(OH)2D3 (P < 0.050, Fig 

3.5A). In HEK293 cells, there was no significant change in global methylation with 

10 nM or 100 nM 1,25(OH)2D3 supplementation (Fig. 3.5B). Without 1,25(OH)2D3 

supplementation, global methylation was significantly higher in MCF-7 than in 

HEK293 cells (P < 0.010). Interestingly, 10 nM 1,25(OH)2D3  supplementation also 

showed significantly higher levels of global methylation in MCF-7 cells compared 

to HEK293 cells (P < 0.001, Fig. 3.6). A similar trend was observed in response to 

100 nM 1,25(OH)2D3. 

 

 

    

Figure 3. 5: 1,25(OH)2D3 significantly increased global methylation in MCF-7, 

but not HEK293 cells. The boxplots show global methylation level, quantified by ELISA, 

in MCF-7 (A) and HEK293 (B) cells. Pairwise comparisons showed that 10 nM 

1,25(OH)2D3 significantly increased global methylation level in MCF-7 cells relative to 

the control (* P < 0.050). However, there was no change in global methylation with 100 

nM 1,25(OH)2D3 supplementation in MCF-7 cells, nor did 1,25(OH)2D3 have any effect on 

HEK293 global methylation. Error bars show ± 1SD (n = 6). 

 

 

A B

B * 

10 nM 100 nM 10 nM 100 nM 
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Figure 3. 6: MCF-7 cells have higher global methylation levels than HEK293 cells, 

irrespective of treatment. The boxplot shows global methylation level in MCF-7 (green) 

and HEK293 (blue) cells. Pairwise comparisons showed significantly higher global 

methylation in MCF-7 cells compared to HEK293 cells both in response to the 10 nM 

vehicle control (** P < 0.010) and 10 nM 1,25(OH)2D3 supplementation (*** P < 0.001). A 

similar trend is present in response to 100 nM vehicle control and 1,25(OH)2D3. Error 

bars show ± 1SD (n = 6). 

 

3.4. 1,25(OH)2D3 induce de novo DNMT3B expression in MCF-7 cells and 

maintenance DNMT1 expression in HEK293 cells  

To assess whether the changes in DNA methylation in MCF-7 cells, in response to 

10 nM 1,25(OH)2D3 supplementation, correspond to a change in the expression of 

genes encoding DNA methylating enzymes, DNMT1, DNTM3A and DNMT3B  

mRNA levels were quantified by RT-qPCR. In MCF-7 cells, 10 nM 1,25(OH)2D3 

significantly induced de novo DNMT3B expression (P < 0.050, Fig. 3.7B), but 

induced no change in either DNMT1 or DNMT3A expression (Fig. 3.7A and C). In 

HEK293 cells, maintenance DNMT1 was significantly induced (P < 0.05, Fig. 

10 nM 100 nM 

** 
*** 
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3.8A), yet no significant change occurred in DNMT3A or DNMT3B expression (Fig. 

3.8B and C).  

 

  

 

Figure 3. 7: 1,25(OH)2D3 induced DNMT3B expression, but had no effect on 

DNMT1 and DNMT3A in MCF-7 cells. The bar graphs show DNMT1 (A), DNMT3A (B) 

and DNMT3B (C) fold change in response to 10 nM 1,25(OH)2D3 supplementation relative 

to the control, as quantified by RT-qPCR, in MCF-7 cells. Pairwise comparisons showed a 

significant induction in DNMT3B, but not DNMT3A or DNMT1 expression relative to the 

control (** P < 0.010). Error bars show ± 1SD (n = 6). 

 

  

 

 

Figure 3. 8: 1,25(OH)2D3 supplementation induced DNMT1 expression, but not 

DNMT3A or DNMT3B in HEK293 cells. The bar graphs show DNMT1 (A), DNMT3A 

(B) and DNMT3B (C) fold change in response to 10 nM 1,25(OH)2D3 supplementation 

relative to the control, as quantified by RT-qPCR, in HEK293 cells. Pairwise comparisons 

showed a significant induction in DNMT1, but not DNMT3A or DNMT3B expression 

relative to the control (** P < 0.010). Error bars show ± 1SD (n = 6).   

 

A B C 

A B C 

** 

** 
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3.5. 1,25(OH)2D3 downregulates TET3, while inducing TET2 expression in 

MCF-7 cells  

To assess whether the changes in DNA methylation in MCF-7 cells, in response to 

10 nM 1,25(OH)2D3 supplementation, correspond to a change in the expression of 

genes encoding DNA demethylating enzymes, TET1, TET2 and TET3 were 

quantified by RT-qPCR. 1,25(OH)2D3 exerted no significant change in TET1 

expression, but significantly increased TET2 expression (P < 0.01) and decreased 

TET3 expression (P < 0.01) in MCF-7 cells (Fig. 3.9A - C). In HEK293 cells, there 

was a significant increase in TET1 expression (P < 0.05), but no significant change 

in TET2 and TET3 expression (Fig. 3.10A - C). 

 

 

 

Figure 3. 9: 1,25(OH)2D3 significantly induced TET2, while downregulating TET3 

expression in MCF-7 cells. The bar graphs show TET1 (A), TET2 (B) and TET3 (C) fold 

change in response to 10 nM 1,25(OH)2D3 supplementation relative to the control, as 

quantified by RT-qPCR, in MCF-7 cells. Pairwise comparisons showed a significant 

increase in TET2 (** P < 0.010), and significant decrease in TET3 (** P < 0.010) expression 

relative to the control. Error bars show ± 1SD (n = 6). 
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Figure 3. 10:  1,25(OH)2D3 significantly induced TET1 expression, but not TET2 

and TET3 expression in HEK293 cells. The bar graphs show TET1 (A), TET2 (B), and 

TET3 (C) fold change in response to 10 nM 1,25(OH)2D3 supplementation relative to the 

control, as quantified by RT-qPCR, in HEK293 cells. Pairwise comparisons showed a 

significant increase in TET1 but not TET2 or TET3 expression relative to the control (* P 

< 0.050). Error bars show ± 1SD (n =6).  

 

3.6. 1,25(OH)2D3 increased hydroxymethylation in MCF-7 cells, while 

decreasing hydroxymethylation in HEK293 cells 

To confirm whether the 1,25(OH)2D3-induced changes in TET expression in MCF-

7 cells and HEK293 cells, corresponded to marked changes in demethylation 

events in the cells, global hydroxymethylation level was quantified in response to 

10 nM 1,25(OH)2D3 supplementation. Global hydroxymethylation was 

significantly increased in MCF-7 cells (P < 0.050, Fig. 3.11A), while being 

decreased in HEK293 cells (P < 0.050, Fig. 3.11B) after an 18 h in vitro 

supplementation with 10 nM 1,25(OH)2D3. To assess whether a higher dose of 

1,25(OH)2D3 would enhance the effect, experiments were repeated in the presence 

of 100 nM 1,25(OH)2D3. No significant change in global hydroxymethylation 

relative to the respective controls occurred in either cell line at the higher dose 

(Fig. 3.11A and Fig. 3.11B). Comparing hydroxymethylation profiles between the 

cells, showed no significant difference under control conditions. However, in 

response to 10 nM 1,25(OH)2D3 supplementation, MCF-7 cells showed significantly 

higher levels of hydroxymethylation compared to HEK293 cells (P < 0.010). But, 

in response to 100 nM 1,25(OH)2D3 supplementation, MCF-7 cells showed 

significantly lower levels of hydroxymethylation compared to HEK293 cells (P < 

0.050 , Fig. 3.12).  

A B C 

* 
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Figure 3. 11: 1,25(OH)2D3 significantly increased hydroxymethylation level in 

MCF-7 cells, while decreasing hydroxymethylation in HEK293 cells. The boxplots 

show global hydroxymethylation level, quantified by ELISA, in MCF-7 (A) and HEK293 

(B) cells. Pairwise comparisons showed that 10 nM 1,25(OH)2D3 significantly increased 
global hydroxymethylation in MCF-7 cells (* P < 0.050), while decreasing 

hydroxymethylation level in HEK293 cells (* P < 0.050) relative to the control. Error bars 

show ± 1SD (n = 3). 

 

 

 

Figure 3. 12: The level of demethylation events in response to 1,25(OH)2D3 

supplementation is cell-type specific and concentration dependent. The boxplot 

shows global hydroxymethylation level in MCF-7 (green) and HEK293 (blue) cells. 

Pairwise comparisons showed that MCF-7 cells had significantly higher levels of 

hydroxymethylation in response to 10 nM 1,25(OH)2D3  compared to HEK293 cells (** P < 

0.010), while HEK293 cells had significantly higher hydroxymethylation levels in response 

to 100 nM  1,25(OH)2D3 compared to MCF-7 cells (* P < 0.050). Error bars show ± 1SD (n 

= 3). 

A B 

10 nM 100 nM 10 nM 100 nM 

10 nM 100 nM 
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3.7. 1,25(OH)2D3 supplementation induced VDR expression in MCF-7, cells 

while decreasing VDR in HEK293 cells   

To assess whether 1,25(OH)2D3-induced changes in the DNA methylation profile, 

as well as DNMT and TET expression levels, corresponded to a change in VDR 

expression, VDR mRNA level was quantified by RT-qPCR. 10 nM 1,25(OH)2D3 

significantly  induced VDR expression in MCF-7 cells (P < 0.050, Fig. 3.13A), while 

downregulating VDR expression relative to the control in HEK293 cells (P < 0.050, 

Fig. 3.13B).  

 

 

 

Figure 3. 13: 1,25(OH)2D3-mediated VDR autoregulation appears to be cell-type 

specific.  The bar graphs show VDR fold change in response to 10 nM 1,25(OH)2D3 

supplementation relative to the control, as quantified by RT-qPCR, in MCF-7 (A) and 

HEK293 (B) cells. Pairwise comparisons showed a significant induction in VDR expression 

in MCF-7 cells in response to 1,25(OH)2D3 relative to the control (* P < 0.050), while 

1,25(OH)2D3 significantly reduced the expression of VDR in HEK293 cells (* P < 0.050). 

Error bars show ± 1SD (n = 3).    

 

3.8. DNMT3B genes showed a positive correlation with VDR in response 

to 1,25(OH)2D3 in MCF-7 cells, but not in HEK293 cells 

To observe whether a change in VDR expression relates directly to a change in the 

expression of DNMTs and TETs, the correlation coefficient between VDR and the 

target genes were calculated in response to 1,25(OH)2D3. VDR showed a strong 

positive correlation with DNMT3B (r = 1; P < 0.001) and TET2 (r = 1; P < 0.0001) 

A B 

* 
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in MCF-7 cells. VDR showed a negative correlation with TET3 (r = -1; P < 0.0001). 

There was no significant correlation between VDR and DNMT1, DNMT3A or TET1 

(Fig. 3.14), nor did VDR expression correlate with the expression level of any of the 

genes in HEK293 cells (Fig. 3.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 14: The cross-correlation between VDR and the target genes in MCF-7 

cells. The scatterplots show the correlation between genes in MCF-7 cells in response to 

10 nM 1,25(OH)2D3. The Pearson’s correlation coefficients (r) for significant correlations 

are in the bottom left corner illustrating correlation strength (0.10-0.29 weak correlation, 

0.30-0.49 moderate correlation, > 0.50 strong correlation).  
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Figure 3. 15: The cross-correlation between VDR and the target genes in HEK293 

cells. There was no significant relationship between VDR and DNMT1, DNMT3A, 

DNMT3B, TET1, TET2 and TET3. Pearson’s correlation coefficients (r) for significant 

correlations are in the bottom left corner illustrating correlation strength (0.10-0.29 weak 

correlation, 0.30-0.49 moderate correlation, > 0.50 strong correlation).  

 

3.9. 1,25(OH)2D3 induced no significant change in cell proliferation of 

MCF-7 and HEK293 cells 

To determine if the changes in the epigenome influenced cell proliferation, an MTT 

assay was performed. 1,25(OH)2D3 did not significantly change cell proliferation  

in MCF-7 or HEK293 cells in response to 10 nM or 100 nM 1,25(OH)2D3 

supplementation. There was also no difference in cell proliferation between MCF-

7 and HEK293 cells with response to treatment (Fig. 3. 16). 
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10 nM 100 nM 

 

 

 

 

 

 

 

 

 

Figure 3. 16: 1,25(OH)2D3 had no significant effect on cell proliferation in MCF7- 

or HEK293 cells. The bar graph shows cell proliferation, quantified by an MTT assay, in 

response to 10 nM and 100 nM 1,25(OH)2D3 supplementation in MCF-7 (green) and 

HEK293 (blue) cells. Cell proliferation was not significantly influenced by 1,25(OH)2D3 

supplementation. Error bars show ± 1SD (n = 3). 

 

3.10. All six genes contained VDR and RXR transcription factor binding 

sites but also had additional TF binding sites  

JASPAR was used to identify putative transcription factor binding sites (TFBSs) 

for VDR, RXR, PU.1, RUNX2, TCF4, CEBPβ in DNMT1, DNMT3A, DNMT3B, 

TET1, TET2 and TET3. All six genes had VDR and RXR TFBSs. GABPA motifs in 

or near the candidate genes were identified using Genomatix.  GABPA core DNA 

binding motifs were identified in DNMT1, DNMT3A, DNMT3B, TET1 and TET2. 

Interestingly no GABPA DNA binding motifs were found for TET3. A GABPA 

binding site was found in the 3' untranslated region (UTR) of DNMT1. There was 

a matrix similarity of 89% with the core GABPA DNA binding site housed in the 

20 nucleotide element. Two GABPA binding sites were found in 3' UTR of 

DNMT3A and three more were found in the 5’ flanking sequence. No GABPA 

binding motifs were identified in the 5' UTR and 3'UTR of TET1, however five sites 
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were found in the 5' flanking sequence. One GABPA binding site was identified in 

the 5' UTR of TET2 (Fig. 3.17A-F). All matrix similarities were above 80%. 
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Figure 3. 17: Putative VDR binding sites located in DNMTs and TETs. The UCSC 

genome browser was used to annotate CEBPβ (orange), GABPA (purple), PU.1 (blue), 

RUNX2 (green), TCF4 (red), VDR (black) and RXR (black) binding sites in DNMT1 (A). 

DNMT3A (B), DNMT3B (C), TET1 (D), TET2 (E) and TET3 (F). Gene diagrams are drawn 

to scale.  
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Chapter 4: Discussion 

This study aimed to assess the molecular mechanism governing vitamin D-induced 

changes in global DNA methylation in MCF-7 BCa cells, displaying aberrant global 

hypomethylation, and to compare the observed effects on a naturally 

hypomethylated embryonic kidney cell line, HEK293. The results showed that 

1,25(OH)2D3 increase global methylation levels in MCF-7 cells by upregulating the 

expression of DNMT3B, while decreasing the expression of TET3. This suggested 

the possible role of 1,25(OH)2D3 in increasing genome stability in hypomethylated 

breast cancer cells. 

 

4.1. Quality Control 

4.1.1. Nucleic acids used in the study was intact and pure 

Extracted DNA and RNA from the cells was intact. Obtaining intact DNA and RNA 

of a relatively good purity was essential for this project, since degraded or partially 

degraded RNA can have an impact on gene expression (Vermeulen et al., 2011). 

This proves to be particularly essential when therapeutic or prognostic conclusions 

are dependent on analyses such as these. Moreover, degraded DNA might have an 

impact on quantifying the methylation status, because it might lead to a false 

reading (Rhein et al., 2015). Thus, good nucleic acid integrity and purity is required 

for reliable results.  

 

4.1.2. Primers specifically amplified the gene of interest after cDNA 

synthesis 

The correct cDNA product was amplified on the agarose gel for all the genes used 

in RT-qPCR. A single product, represented by a single band on an agarose gel and 

a single melt peak above the threshold on the qPCR melt curve, was observed for 

every primer pair used in the study. For VDR and TET3, a smaller shoulder peak 

was observed, melting at a lower temperature to the main product. According to 

Poritz and Ririe (2014), smaller peaks below the threshold can be caused by 
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primer-dimers, while specific primers should only generate one peak. The smaller 

peaks observed for VDR and TET3 were possibly primer-dimers, which may have 

in qPCR, interfered with accurate quantification.  

 

4.1.3. Reference gene stability 

While ACTB, GAPDH and B2M were the selected reference genes for this study, 

only ACTB and GAPDH were stably expressed in HEK293 cells, while all three 

were unstable in MCF-7 cells. This suggests that these housekeeping genes are not 

suitable for comparative analysis of gene expression in MCF-7 cells. In agreement 

Tilli et al. (2016), showed that RPL13A, PGK1, ACTB, DIMT1, GAPDH and B2M 

are not stably expressed across breast cancer cell lines and identified a set of novel 

housekeeping genes (CCSER2, SYMPK, ANKRD17) and traditional housekeeping 

gene, PUM1, as persistently stable for clinical and research analyses. Moreover, a 

study by Révillion et al. (2000) showed that GAPDH expression was associated 

with BCa cell proliferation and B2M expression has been shown to be significantly 

different in BCa molecular subtypes, as well as being correlated to the regulation 

of apoptosis in BCa (Li et al., 2014). This could explain the unstable nature of the 

reference genes in the MCF-7 cells. Thus, choosing the correct housekeeping genes 

for specific cell lines is important as this has an immense effect on their expression.  

 

4.2. 1,25(OH)2D3 induced no significant change in cell viability of MCF-7 

or HEK293 cells 

Cell viability was not significantly changed in MCF-7 and HEK293 cells in 

response to 10 nM or 100 nM 1,25(OH)2D3 supplementation. This may possibly 

mean that a higher dose of 1,25(OH)2D3 does not exert toxic effects to the cells. 

Although there have been studies reporting vitamin D to decrease apoptosis in 

peripheral blood mononuclear cells (Tabasi et al., 2015), there have been studies 

reporting vitamin D having no effect on cell viability as well as no toxic effect with 

a higher dose in microglial cells (Djukic et al., 2014). However, contradictory to 

these studies, Baek et al. (2011) reported that vitamin D3 significantly reduced cell 
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viability in gastric cancer and cholangiocarcinoma cells. Additionally, vitamin D3, 

synergistically worked with other anti-cancer drugs like adriamycin and paclitaxel 

to suppress cell viability. Also, a study by Costa et al. (2009) showed that 100 nM 

1,25(OH)2D3 caused a 50% reduction in viability of MCF-7 cell lines as well as 

another study that showed an 18% apoptosis level in MCF-7 cells after 24 h 

treatment with 1,25(OH)2D3, 28% after 48 h and 38.5% after 72 h (Saracligil et al., 

2017). Although there are studies showing pro-apoptotic effects induced by vitamin 

D in certain non-cancerous and cancerous cell lines, our study has shown that 

vitamin D has no effect on the cell viability of MCF-7 breast cancer cells, and this 

may be due to dose- and time-dependent factors.  

 

4.3. 1,25(OH)2D3 increased methylation in MCF-7 cells but had no effect on 

HEK293 cells 

10 nM 1,25(OH)2D3 increased global methylation  in MCF-7 BCa cells but not in 

HEK293 cells. This increase in global methylation in the BCa cells, suggests that 

vitamin D may enhance chromosomal stability in breast cancer cells; enhancing 

genomic control over gene expression. This global methylation increase may also 

suggest an anti-cancerous effect of vitamin D treatment on breast cancer through 

methylation changes. This is in agreement with O'Brien et al. (2018) who reported 

that 25(OH)D concentrations are affiliated with CpG DNA methylation in various 

vitamin D-related genes and that CpG methylation in those genes may work 

alongside 25(OH)D to impact breast cancer risk. A study by Zhu et al. (2018) also 

showed that vitamin D supplementation increased global methylation in a dose-

dependent manner in obese and overweight African Americans who were vitamin 

D deficient (25(OH)D < 20 ng/ml). The lack of effect in the embryonic kidney cells 

may relate to the developmental stage of the cells as it represents a period in 

development characterised by hypomethylation (Zhou et al., 2018). DNA 

methylation patterns are removed and thereafter re-established between different 

periods of development in mammals. Almost all methylation from the parents are 

first deleted during gametogenesis, then in early embryogenesis again, with 

demethylation and re-methylation happening every time (Zeng and Chen, 2019). 
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In early embryogenesis, demethylation occurs in the pre-implantation period; first 

in the zygote and then during the replication cycles of the morula and blastula 

(Fig. 4.1, Cedar and Bergman, 2012). The lack of change induced by vitamin D 

therefore, suggests that vitamin D has a cell-type specific effect on the epigenome 

and will not increase methylation in cells where hypomethylation is normal. Global 

methylation was also higher in MCF-7 cells than in HEK293 cells without 

1,25(OH)2D3 supplementation. Nevertheless, both cell lines were in a 

hypomethylation state, since hypermethylation is defined as methylation between 

~70-100% (Komori et al., 2015). This result was in line with literature that has 

stated the genome of MCF-7 as well as MDAMB231 cell lines to be extensively 

hypomethylated in intergenic and intragenic regions (Wilson et al., 2007). There 

was higher global methylation in MCF-7 cells than in HEK293 cells in the presence 

of 10 nM 1,25(OH)2D3, which was expected given the methylation effect of vitamin 

D on MCF-7 and the lack of change in methylation observed in HEK293 cells. 

 

4.4. 1,25(OH)2D3 induce de novo DNMT3B expression in MCF-7 cells and 

maintenance DNMT1 expression in HEK293 cells 

1,25(OH)2D3 increased DNMT3B expression, but exerted no effect on DNMT1 and 

DNMT3A expression in MCF-7 cells. DNMT3B functions to specifically methylate 

gene bodies (introns and exons; Neri et al., 2017). An increase in gene body 

methylation is very likely to increase global levels – as observed in this study.  It 

is thus possible that DNMT3B is an unidentified vitamin D target gene.  Although 

a few studies show that DNA methyltransferases inhibitors like azacytidine and 

decitabine increase methylation in multiple cancer cell lines (Giri et al., 2019), our 

study showed that 1,25(OH)2D3 treatment induced global methylation in MCF-7 

breast cancer cells through de novo methylation by DNMT3B activation. In 

HEK293 cells, vitamin D had no effect on DNMT3A or DNMT3B expression but 

DNMT1 expression was significantly increased. This was expected, based on the 

global methylation results, therefore showing that vitamin D primarily functions 

to maintain methylation patterns in HEK293 cells, instead of affecting de novo 

methylation.  
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4.5. 1,25(OH)2D3 downregulates TET3, while inducing TET2 expression in 

MCF-7 cells 

In line with the increase in global methylation we observed in the MCF-7 breast 

cancer cells, we saw a decrease in TET3 expression. TET3 is known to demethylate 

gene bodies and intergenic regions (Huang et al., 2014; Zhang et al., 2016). 

Therefore, if vitamin D decrease TET3 expression, resulting in less demethylation 

events, while increasing DNMT3B expression, this could explain the increase in 

global methylation observed in the breast cancer cells. Vitamin D had the opposite 

effect on TET2 expression, increasing its expression in the MCF-7 breast cancer 

cells. TET2 is known to have tumour suppressor function acting on promoters or 

enhancer regions rather than gene bodies and intergenic regions (Huang et al., 

2014). Since it is known that there are high levels of promoter methylation at 

tumour suppressor genes in cancer cells (Lao and Grady, 2011), it is possible that 

the anticancer effect of vitamin D may be related to demethylation of tumour 

suppressor genes as a result of vitamin D induced TET expression.  

In HEK293 cells, there was no significant change in TET2 and TET3 expression 

but only an increase in TET1 expression. TET1 is known to act on 

promoters/transcription start site (TSS) regions (Hon et al., 2014; Huang et al., 

2014). Although TET1, was significantly induced, its demethylation effect was not 

observed as it does not act on the larger part of the genome, such as the gene body. 

The promoter and regulatory regions in the genome of non-cancerous cells are 

known to be hypomethylated, thus TET1 may have possibly had only minimal 

effects on the embryonic kidney cells. Overall, TET expression was minimal in 

HEK293 cells, supporting the idea that vitamin D acts specifically to correct 

aberrant methylation.  

 

4.6. 1,25(OH)2D3 increased hydroxymethylation in MCF-7 cells, while 

decreasing hydroxymethylation in HEK293 cells 

Global hydroxymethylation was measured to confirm whether enhanced TET2 

expression actually increased demethylation events in the genome of the MCF-7 
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breast cancer cells. With 10 nM 1,25(OH)2D3 supplementation, MCF-7 cells showed 

an significant induction in global hydroxymethylation, supporting the proposed 

demethylation events of tumour suppressor genes by vitamin D. There was a 

decrease in global hydroxymethylation in HEK293 cells, also supporting the 

minimal effect of TET expression in the embryonic kidney cells, seeing as there 

was no significant change in TET2 and TET3 expression in response to 

1,25(OH)2D3. A higher dose of 100 nM 1,25(OH)2D3 caused no change in global 

hydroxymethylation in the two cell lines relative to the controls. This suggests that 

more vitamin D does not exert an effect on the expression of the cells and that a 

higher dose causes no toxic effects.  

 

Comparing the two cell lines, it was seen that HEK293 cells have higher levels of 

hydroxymethylation compared to MCF-7 cells in the absence of 10 nM 1,25(OH)2D3. 

According to Munari et al. (2016), normal kidney cells have high levels of 5hmC 

while solid tumours exhibit reduced levels of 5hmC, possibly due to perturbations 

in the TET enzyme functions (Yang et al., 2013). For instance, oncometabolites like 

2-hydroxyglutarate, have been shown to inhibit TET function in some cancers 

(Figueroa et al., 2010), resulting in decreased enzymatic activity levels (Müller et 

al., 2012). Additionally, Munari et al. (2016) also suggested that an imbalance in 

DNMT1 expression can cause a loss in 5hmC or other types of enzymes facilitating 

5hmC metabolism may be altered. Such as Thymine DNA Glycosylase (TDG) 

which is dysregulated in tumour cells, can cause the deamination of 5hmC 

contributing to the reduction of 5hmC levels. In the presence of 10 nM 1,25(OH)2D3, 

MCF-7 cells had higher global hydroxymethylation compared to HEK293 cells, 

emphasising the higher levels of TET expression seen in MCF-7 cells compared to 

HEK293 cells that we observed in this study.  
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4.7. 1,25(OH)2D3 supplementation induced VDR expression in MCF-7, cells 

while decreasing VDR in HEK293 cells   

To assess whether 1,25(OH)2D3-induced changes in the DNA methylation profile, 

DNMT and/or TET expression corresponded with a change in VDR expression. 

There was a significant increase in VDR expression in MCF-7 cells. A number of 

studies have reported 1,25(OH)2D3 can cause upregulation of VDR in vitro and in 

vivo. A study that administered 1,25(OH)2D3 in vitro and in vivo to rats showed an 

increased in VDR concentration (Cusano et al., 2018). Another in vitro study on 

human skin osteosarcoma and fibroblast cell’s exposure to 1,25(OH)2D3 resulted in 

3 to 5 fold increase in VDR number (Reinhardt and Horst, 1998). The increase in 

VDR expression seen in this study, may support the effect on the increase in 

demethylation observed in MCF-7 cells, as it has been shown that VDR is 

methylated and under-expressed in MCF-7 cells and vitamin D demethylates VDR, 

enhancing its expression (Marik et al., 2010). 

 

1,25(OH)2D3 however, significantly decreased VDR expression relative to the 

control in HEK293 cells. Regulating VDR is thought to be an essential mechanism 

through which cellular responsiveness to vitamin D is regulated, because vitamin 

D activity correlates to VDR and vitamin D concentration (Cusano et al., 2018). 

However, in embryonic cells, VDR expression and it metabolising enzymes has 

been shown to be low (Blomberg Jensen et al., 2012). This suggests that the VDR 

pathway is downregulated during embryonic development. In line with our 

findings, Bais et al. (2011) reported a decrease in VDR mRNA level in HEK293 

cells. This supports our point, that VDR expression may be reduced in HEK293 

cells, so that it does not affect the methylation events during embryonic 

development. 
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4.8. DNMT3B genes showed a positive correlation with VDR in response 

to 1,25(OH)2D3 in MCF-7 cells, but not in HEK293 cells 

 

In MCF-7 cells we observed a strong positive correlation between VDR and 

DNMT3B, as well as between VDR and TET2. This then shows a synergistic 

increase in both VDR and DNMT3B as well as TET2 with response to vitamin D 

treatment. VDR and TET3 exerted a negative relationship, meaning that an 

increase in VDR expression may lead to a decrease in TET3 expression, causing 

less demethylation. Lastly, there was no relationship between VDR and DNMT1, 

DNMT3A and TET1. This then suggests, that a change in VDR expression, does 

not affect the expression of these genes in MCF-7 breast cancer cells in response 

to vitamin D treatment. The correlation between VDR and the target genes in 

response to 1,25(OH)2D3 were evaluated to observe whether a change in VDR 

expression affects the expression of the different targets. In HEK293 cells, there 

was surprisingly no correlation between VDR and all target genes. This suggests 

that the change in VDR expression does not influence a change in DNMT or TET 

expression in HEK293 cells.  

 

4.9. 1,25(OH)2D3 induced no significant change in cell proliferation of 

MCF-7 and HEK293 cells 

Cell proliferation was not significantly changed in MCF-7 and HEK293 cells in 

response to 10 nM or 100 nM 1,25(OH)2D3 supplementation.  This suggests that 

vitamin D does not exert an effect on the proliferation of either cancerous or non-

cancerous cells. This is in disagreement with studies that have shown vitamin D 

to be influential in cell proliferation and differentiation (Srikuea et al., 2012; Bikle, 

2010). Most studies have described 1,25(OH)2D3 as having an inhibitory effect on 

proliferation in numerous cell types, usually associated with stimulating cell 

differentiation. Such as a study done on breast cancer cell lines including MCF-7 

cells, showing that 1,25(OH)2D3 had pro-apoptotic and anti-proliferative effects at 

supra-physiological concentrations of 10-100 nM, usually used to study hormone 

effects in cell culture research (van den Bemd et al., 2000; Feldman et al., 2014). 
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Another study reported a negative correlation between vitamin D and cell 

proliferation, showing a decrease in cell proliferation as well as angiogenesis with 

vitamin D treatment (Nakagawa et al., 2005; Mantell et al., 2000). A paper 

published by Lu et al. (2017) however, showed that 10 nM 1,25(OH)2D3 exerted no 

effect on corneal epithelial cell proliferation which is in agreement with our 

findings. Morales et al. (2004) also showed that 10 nM 1,25(OH)2D3  had no effect 

on the cell count of osteoblast-like cells. The contradictory results on the effect of 

vitamin D and cell proliferation may be dose- and time-dependent. 

 

4.10. All six genes contained VDR and RXR transcription factor binding 

sites but also had additional TF binding sites 

Putative VDR and RXR TF binding sites were identified in all the DNMT and TET 

coding genes. Notably, the DNMTs and TETs also contained TF binding sites for 

other VDR binding partners including GABPA, PU.1, CEBPβ, TCF4, and RUNX2. 

This suggests that vitamin D and VDR may not only bind to RXR to mediate 

vitamin D-related functions on the epigenome, but may also recruit other 

transcription factor such as GABPA, PU.1, CEBPβ, TCF4, and RUNX2 to regulate 

gene expression.  

 

GABPA DNA binding motifs were identified in DNMT1, DNMT3A, DNMT3B, 

TET1 and TET2, but interestingly no GABPA DNA binding motifs were found for 

TET3. VDR can form different complexes and modify its DNA location through 

interaction with other TFs. In line with our findings, VDR is known to interact 

with GABPA in THP-1 cells, and motifs have been identified within VDR/RXR 

binding peaks (Neme et al., 2017). Through the ChIP-seq data of GABPA cistrome, 

the co-localisation of GABPA and VDR was confirmed, and furthermore VDR 

interaction with PU.1 was confirmed as well for modulating genes in immune and 

cellular signalling mechanism (Seuter et al., 2018). Through the analysis of ChIP-

seq data for both VDR and PU.1, VDR-PU.1 interaction has been identified in open 

chromatin in 1,25(OH)2D3-sensitive PU.1 loci, found closer to 1,25(OH)2D3 target 

genes (Seuter et al., 2017). 
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Coregulatory factors like CEBPβ have been shown to be recruited to mediate VDR 

expression after ligand-dependent epigenetic function have occurred, like histone 

(H4) acetylation (Zella et al., 2010). This suggests that VDR-specific enhancers are 

able to combine signals from several environmental factors (i.e. vitamin D and 

retinoid acid) by interrelating with their associated TFs (Zella et al., 2006) in many 

different vitamin D-related genes, possibly including the target genes investigated 

in this study.  

 

TCF4 is known to play a role in chromatin remodelling and transcription by 

recruiting histone acetyltransferases like p300 (Bayly et al., 2004; Massari et al., 

1999; Zhang et al., 2004). Kennedy et al. (2016) showed that TCF4 caused a 

decrease in CpG methylation at genes with activated transcription, which in the 

case of this study were memory-related genes such as Fos and IEG (for forming 

memory at the hippocampus; Countryman et al., 2005). TCF4 was observed to 

modulate methylation of these through negatively regulating TET2 expression 

that is over-expressed in TCF4 (+/−) mice. This was thought to be associated with 

gene body methylation (Huang et al., 2014) or for demethylating memory-related 

genes as a compensatory mechanism. Through the findings of this study, it 

supports our suggestion that TCF4 plays a role in regulating methylation in not 

only TET2 but the rest of the methylation and demethylation genes in response to 

1,25(OH)2D3.  

 

RUNX2 TF binding sites were also identified in the target genes, suggesting that 

it regulates the transcription of DNMTs and TETs. RUNX2 is known to regulate 

vascular calcification (VC) of VC-related genes (Ducy et al., 1997). Its expression 

is upregulated in calcified vessels (Sierra and Towler, 2010), and it was found that 

treating vascular smooth muscle cells with vitamin D3 increased VDR and RUNX2 

expression. Though immunoprecipitation experiments, it was suggested that there 

is a correlation between VDR and RUNX2. This functional relationship between 

VDR and RUNX2 is essential for vascular calcification with response to vitamin 

D3.  



88 

 

 

Based on the results observed this study supported by literature, it shows that 

DNMTs and TETs could be regulated through several other transcription factors 

and not only through VDR:RXR. Therefore, showing that vitamin D has the ability 

to take different transcriptional routes in order to mediate its epigenetic functions.  
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Chapter 5: Conclusion 

5.1. Rationale of the study and summary of the findings 

This study investigated the molecular mechanism governing vitamin D-induced 

changes in global DNA methylation in MCF-7 BCa cells, and to observe its effects 

on a non-cancerous cell line HEK293 for comparison. 1,25(OH)2D3  increased global 

methylation in MCF-7 cells by upregulating the expression of DMT3B while 

decreasing the expression of TET3, suggesting that vitamin D may enhance 

chromosol stability in the breast cancer cells. Vitamin D also increased TET2 

expression, which is known to demethylate promoter and enhancers, thus 

suggesting the possibility that the anticancer effect of vitamin D may be related to 

demethylation of tumour suppressor genes through induction of TET. This was 

confirmed by the increase of global hydroxymethylation seen in the breast cancer 

cells. No change in global methylation, DNMT3 or TET expression was observed 

in HEK293 cells with 1,25(OH)2D3 treatment, suggesting that vitamin D has a cell-

type specific effect on the epigenome and will not increase methylation in cells 

where hypomethylation is normal; as seen in embryonic cells. Thus, vitamin D may 

act specifically to correct aberrant methylation and maintaining a sufficient 

vitamin D status could be key in promoting good health and well-being. 

 

5.2. Implications of the study 

This study aimed in expanding the knowledge on the molecular mechanism for 

vitamin D-mediated changes in global DNA methylation. We concluded that 

vitamin D may improve genomic stability and correct aberrant methylation 

through mediating DNMT and TET expression in breast cancer cells. This implies 

a necessity for a lifestyle that includes maintaining a sufficient vitamin D status 

in breast cancer patients as well as healthy individuals, to promote well-being and 

maintain a healthy epigenome. 
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5.3. Challenges and limitations 

A limitation in this study was that we did not analyse protein level or enzymatic 

activity of the target genes. Nonetheless, the changes in methylation status, 

suggest increased enzyme activity.  We did not measure changes in chromosomal 

stability and it remains to be seen whether the induced changes will be heritable 

from one cell to the next.  Moreover, while we identified putative transcription 

factor binding sites for VDR in the DNMTs and TETs, suggesting that the effects 

we observed were mediated by VDR, we did not measure VDR binding to these 

target genes.  

 

5.4. Future direction 

Future work could include, measuring enzymatic activity of DNMTs and TETs in 

response to 1,25(OH)2D3 treatment, as well as luciferase assays for VDR-mediated 

transactivation of target gene expression. Moreover, the effects can be validated 

by repeating some of the experiments in cells that do not express VDR (i.e. with 

siRNA mediated VDR knockdown), to confirm that what we are seeing is a result 

of VDR function. Seeing as vitamin D plays a role in several cancer types, in future 

studies, the effect of vitamin D on global methylation can also be tested in other 

cancer types such as colorectal, gastrointestinal and pancreatic cancer.  
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